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ABSTRACT 
Multifunctional sensing capability, ‘unusual’ formats with flexible/stretchable designs, 
rugged lightweight construction, and self-powered operation are desired attributes for electronics 
that directly interface with the human body. The collective results in this dissertation suggest 
utility in a variety of sensors and energy harvesting components, with lightweight construction, 
attractive mechanical properties and potential for implementation over large areas, with 
promising application in unusual bio-integrated electronics, such as self-powered cardiac 
pacemakers, skin-mounted blood pressure sensors, modulus sensors and skin cancer detection 
bio-patches. For these and related applications, unusual electronics provide the capability of 
intimate and conformal integration with a variety of substrates on biological tissues. These 
systems can be twisted, folded, stretched/flexed and wrapped onto curviliniar surfaces without 
damage or significant alteration in operation.  
In this dissertation, the application of ferroelectric/piezoelectric materials and patterning 
techniques for ‘unusual’ electronics, with an emphasis on bio-integrated systems were 
demonstrated. Overall, the results suggest that the various sensor capabilities could be valuable 
for a range of applications in continuous self-powered health/wellness monitoring and clinical 
medicine.  
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PREFACE 
 
Unusual electronics in stretchable/flexible formats with their ultrathin, small in size and 
lightweight properties offer innovative solutions to current rigid and planar electronic devices. 
The conventional electronic devices, in particular medical devices, require support of adhesives, 
tapes, straps to secure them on the surface of human soft tissues and skin. Such practices are 
unsuitable due to the potential of irritation, discomfort, loss of adhesion and the small extent of 
portability. Unusual electronics provide the capability of intimate and conformal integration with 
a variety of substrates on biological tissues. Such systems can be twisted, folded, stretched/flexed 
and wrapped onto curviliniar surfaces without damage or significant alteration in operation. 
These technologies will be ideal in situations which require non-invasive lamination on 
biological surfaces, such as those of heart, lung, diaphragm, and skin. 
Accompanying these unusual electronics innovations are the emergent development of 
ferroelectric/piezoelectric active materials. These materials can accumulate charges, generating 
current and voltage, as a result of mechanical strain from twisting, compressing, distorting and 
other mechanical stresses. Conversely, applying an electric field to such materials leads to 
mechanical deformation. Nonetheless, piezoelectric ceramic materials’ usages are limited by a 
major disadvantage associated with their mechanical properties. They usually fracture at the 
strains significantly less than 1%. Due to their brittleness, the conventionally manufactured 
ferroelectric/piezoelectric materials can only undergo small deformations. This limitation can be 
overcome by the construction of ultrathin films of ceramic ribbons and, for certain circumtances, 
the advanced designs of netural mechanical plane.  
ix 
 
This dissertation summarizes utilization on the applications of ferroelectric/piezoelectric 
materials in conjunction with patterning techniques for unusual electronics with an emphasis on 
bio-integrated systems, such as actuators, sensors, transducers and mechanical energy harvesters. 
Lead zirconium titanate (PZT), zinc oxide (ZnO) and poly(vinylidenefluoride-co-
trifluoroethylene) P(VDF-TrFE) are the main piezoelectric materials of interest in this 
dissertation for a variety of sensors and energy harvesting components as described in chapter 1 
to chapter 5. PZT is mostly chosen because it has excellent piezoelectric and ferroelectric 
properties, with an application of many classes of sensors, actuators and memory elements, for use in 
diverse sectors of industry, ranging from aerospace, automotive, to medicine and microelectronics. 
Another appealing piezoelectric material of interest in the field of thin film transistors as possible 
substitute for silicon is ZnO. In addition to providing strong piezoelectric responses, ZnO, in 
either of its two forms, is also transparent in the visible wavelength range. Moreover, its 
suggested biocompatibility makes it a suitable candidate for integration with the human body. 
Yet, another attractive piezoelectric material is P(VDF-TrFE) which is an inert, flexible, low-
thermal conductivity, heat resistant and thermoplastic fluoropolymer. P(VDF-TrFE) exhibits 
piezoelectric properties under mechanical stretching which brings about poling under tension due 
to molecular chain orientation changes. Furthermore, when poled, P(VDF-TrFE) is ferroelectric. 
These capabilities make P(VDF-TrFE)  a suitable candidate in sensor applications.  
The collective research results described in this dissertation suggest utility in a variety of 
sensors and energy harvesting components, with lightweight construction, attractive mechanical 
properties and potential for implementation over large areas, with application opportunities in 
unusual bio-integrated electronics such as self-powered cardiac pacemakers, skin-mounted blood 
pressure sensors, modulus sensors and skin cancer detection bio-patches.   
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CHAPTER 1 
 
STRETCHABLE FERROELECTRIC NANORIBBONS WITH WAVY 
CONFIGURATIONS ON ELASTOMERIC SUBSTRATES 
 
1.1 Introduction 
Lead zirconate titanate (e.g., PZT) is one of the most widely used ferroelectric materials, due 
to its excellent piezoelectric and ferroelectric properties. Many classes of sensors, actuators and 
memory elements, for use in diverse sectors of industry, ranging from aerospace, automotive, to 
medicine and microelectronics, rely on PZT [1-4]. A key disadvantage of this material is that it, 
like most other ceramics, is brittle, and usually fractures at strains that are substantially less than 
1% [5]. As a result, devices built with PZT, in conventional layouts and processed using 
established, high temperature techniques, can only be subjected to small strain deformations, and 
can be integrated only with narrow classes of substrates. These limitations frustrate many 
potentially interesting applications, particularly those that require integration with the 
curvilinear, elastic surfaces of the human body for energy harvesting or health monitoring. The 
former possibility has recently received significant attention. Flexible devices based on arrays of 
ZnO nanowires represent one interesting class of technology for this purpose [6-8]. The relative 
inefficiency of these systems, determined in large part by the poor piezoelectric properties of 
ZnO, and their restrictive mechanical properties represent two key areas for improvement.  
Recent reports indicate that the former can be addressed with thin membranes and ribbons of 
materials such as PZT [9, 10] and BaTiO3 [11], created on flat, high temperature substrates and 
then integrated with bendable thin sheets of plastic using the techniques of transfer printing. The 
latter remains an unmet challenge, although a very recent report describes important progress 
[12]. Advances are needed because devices that offer simple bendability cannot accommodate 
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the shapes and motions characteristic of the human body, that is, curvilinear geometries and 
large-amplitude deformations [13]. These features demand not only linear, elastic mechanical 
responses under large strains, but also the ability for conformal integration on surfaces that have 
arbitrary shapes. In other words, the systems must be able to not only bend, like devices reported 
previously, but also stretch without facture or significant degradation in their properties. Here we 
show that adapted concepts of stretchable electronics [14-18] can be exploited to realize these 
outcomes with PZT. In particular, we report the fabrication and characterization of structures 
consisting of nanoribbons of PZT in ‘wavy’, or buckled, configurations on soft, elastomeric 
substrates. We also introduce a mechanics theory that can account for the behavior of these 
systems, including explicitly the effects of piezoresponse. These combined experimental and 
theoretical results appear to be relevant for a range of applications that cannot be addressed with 
conventional rigid technologies, or with newer ones that offer only bendability. 
 
1.2 Experiments 
1.2.1 Fabrication of PZT Nanoribbons with Integrated Top and Bottom Side Electrodes  
The top electrodes were patterned with photoresist (AZ nLoF 2070, Clariant), followed by 
deposition of Pt/Cr (150 nm/10 nm) using radio frequency sputtering on the surface of a 
multilayer stack of Pb(Zr0.52Ti0.48)O3/Pt/Ti/SiO2 on a silicon wafer (400 nm/150 nm/10 nm/600 
nm; INOSTEK) and liftoff in acetone. Inductively coupled plasma reactive ion etching (ICP RIE) 
with Cl2/Ar (20 sccm/5 sccm) through a hard mask of SiO2 defined the lateral dimensions of PZT 
ribbons. The bottom electrode was patterned by ICP-RIE with a mask of a different size.  
Photolithographically patterned photoresist (AZ4620, Clariant) protected the PZT layers during 
removal of the sacrificial layer SiO2 with dilute hydrofluoric acid (HF) (deionized water (DI) : 
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52% HF = 1:2). For this procedure, a hard bake was conducted at 110˚C for 30 min. This 
protection step is crucial, because PZT can also be etched with HF. The square pads, under 
which the sacrificial layer SiO2 are only partially removed due to their larger dimensions, located 
at the end of ribbons hold the PZT ribbons to prevent washing away into the etching bath until 
complete undercutting.  Photoresist is removed in acetone after undercutting etching. 
 
1.2.2 Transfer Process of PZT Nanoribbons onto PDMS Substrate  
Gold electrodes were formed on the PDMS target substrate by electron beam evaporation 
through a shadow mask. Contacting a PDMS stamp against the PZT nanoribbons after undercut 
etching, and the peeling the stamp away lifted the ribbons from the supporting silicon substrate, 
via fracture at their ends near the pad features (Figure 1-1). Prestrain was induced in a target 
PDMS substrate by controlled heating on a hot plate. Bringing the PDMS stamp, with arrays of 
PZT nanoribbons on its flat surface, against the heated PDMS, and then removing after ~10 min 
completed the process. Thermal expansion of the PDMS at 185˚C provided biaxial pre-strains of 
~5%. Wavy structures in the PZT nanoribbons form spontaneously after cooling down to room 
temperature (~23˚C). The effective coefficient of thermal expansion (CTE) of the stack is 
   2stack Pt Pt Pt Cr Cr Cr PZT PZT PZT Ti Ti Ti stack stactE h E h E h E h E h         (~5.6 ppm/K), and the 
CTEs Pt , Cr , PZT  and Ti  are 8.8, 4.9, 2.5 and 8.6 ppm/K, respectively [19]. The prestrain is 
estimated as ~5% from  PDMS stack T   , where PDMS  is 310 ppm/K and 162T K  . 
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1.3 Results and Discussion 
1.3.1 Fabrication of PZT Nanoribbons in Wavy Form  
Figure 1-1 illustrates schematically a process flow for producing wavy PZT nanoribbons on 
elastomeric substrates, using ideas originally developed for silicon [14]. The starting structure in 
this case consists of a bottom electrode of Pt/Ti on an oxidized silicon wafer, with a layer of PZT 
formed by sol-gel techniques on top. Sputtering and photolithography define top electrodes of 
Pt/Cr (150 nm/10 nm) with widths of 50 µm. Inductively coupled plasma reactive ion etching 
(ICP-RIE) [20] through a hard mask of SiO2 defines the PZT into strips with thickness of 400 nm, 
widths of 80 µm, and lengths of 1 mm (see the Experiments  section). Another ICP-RIE step 
patterns the bottom electrode, with a different mask. This process also leaves large square pads 
(~120 x 120 µm) at the ends of the ribbons. Patterning a layer of photoresist across the entire 
width of the structure followed by immersion in dilute hydrofluoric acid (HF) completely 
eliminates the oxide layer under the lengths of the ribbons, but only partially removes this layer 
from under the pads, due to their larger dimensions. In this way, the ribbons are completely 
released, but they remain tethered to the underlying wafer due to their connection to these pads. 
The techniques of transfer printing are used to remove the PZT nanoribbons from the substrate, 
via fracture at points near their ends, and then to deliver them to a prestrained (a few percent, 
biaxial for cases reported here) slab of the elastomer polydimethylsiloxane (PDMS; Dow 
Corning). This PDMS substrate supports metal lines and pads with widths of 300 µm that 
connect to the bottom electrodes on the ribbons. Relaxing the prestrain leads to the spontaneous 
formation of wavy structures along the nanoribbons, due to non-linear buckling phenomena of 
the sort that we have previously studied in silicon [14-16]. The final geometry depends strongly 
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on the prestrain, the flexural rigidity of the nanoribbons, and piezoelectric effects, as described 
subsequently.  
1.3.2 Investigation of PZT Thin-Film Properties and Device Analysis 
Figure 1-2a shows a cross sectional scanning electron microscope (SEM) image of the device 
stack on the silicon wafer, which consists of the top electrode (Pt/Cr), the active material (PZT), 
the bottom electrode (Pt/Ti), the SiO2 release layer and the underlying silicon substrate, all with 
thicknesses consistent with the values reported above. X-ray diffraction (XRD, Philips X'pert) 
reveals the expected crystal structure in the PZT. As shown in Figure 1-2b, two main peaks 
belonging to (100) and (111) PZT are clearly visible. The increased piezoelectric response and 
poling efficiency at compositions near Zr:Ti = 52:48 is due to the increased number of allowable 
domain states at the morphotropic phase boundary. Figure 1-2c presents topographical 
measurements of the nanoribbons, immediately after the ICP-RIE etching processes but before 
elimination of the SiO2, determined using an atomic force microscope (AFM, Asylum Research 
MFP-3D). These results indicate that most areas are smooth with a root-mean-square (rms) of 
21.9 nm. The widths of the top electrodes and the PZT ribbons are 50 and 80 µm, respectively, 
consistent with the design. Variations in thickness across the ribbon are also apparent, with 
central regions that are thicker than the edges, as in Figure 1-2d. This variation results from some 
undercut removal of PZT near the edges during the etching of the bottom electrode. In particular, 
the thickness of the structure at the edges is 150 nm, corresponding to the absence of PZT.   
Some representative wavy structures formed by integration with PDMS and release of 
prestrain (~5%) appear in Figure 1-3 a-c. The flat regions near the right and left edges of the 
images result from connection to the electrodes on the PDMS (Figure 1-1) [21]. The short period 
buckling deformations at the edges of each of the ribbons are due to the smaller thicknesses in 
those regions, as described above (Figure 1-2c,d). We observe no fracture or cracking of any part 
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of the structures, consistent with the small strains in the materials, as described in more detail 
subsequently in the context of the mechanics theory where we show that the peak strains are in 
the range of ~0.3%. We also performed full three-dimensional (3D) modeling using the finite 
element method (Dassault Systèmes Abaqus) to determine the patterns of buckling when the 
edge effects associated with undercut etching mentioned above are explicitly included. A solid 
3D rendering of the calculated displacements appear in Figure 1-3c. The overall shapes agree 
remarkably well with the images in Figure 1-3a,b. These results confirm that the short period 
buckling structures at the edges are due to the reduced thicknesses in those regions. Figure 1-3c 
also shows a smooth transition from the structures at the edges to the comparatively long period, 
sinusoidal buckling patterns at the center. 
 
1.3.3 Mechanics Analysis of Wavy PZT Nanoribbons 
These wavy shapes provide linear elastic responses to applied strain, with a physics that 
resembles an accordion bellows, as shown in Figure 1-4. In particular, as the tensile strain 
increases, the wavelengths and amplitudes of the sinusoidal shapes increase and decrease, 
respectively. For applied strains comparable to the prestrain, the amplitude approaches zero, as 
seen in Figure 1-4 inset. Upon release of the applied strain, the structure returns to its original 
wavy shape, with little or no change. Figure 1-4 also presents plots of the wavelength, measured 
by optical microscopy (black square) as well as predicted by the theoretical model (red solid line) 
as a function of applied tensile strain. The wavelength is related to the prestrain pre  and applied 
strain app   by [16, 22]      
1 3 2 3
2 3 1 1stack stack s app preh E E        , where 
2  stack Pt Cr PZT Tih h h h h     (~720 nm) is the total thickness of Pt/Cr/PZT/Pt/Ti stack, 
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 2stack Pt Pt Cr Cr PZT PZT Ti Ti stackE E h E h E h E h h     (~143 GPa) and sE  (~2.6 MPa) are the 
effective plane-strain moduli of the stack and substrate, respectively, PtE  196 GPa, CrE  292 
GPa, PZTE 128 GPa and TiE  129 GPa [19]. The theoretical prediction agrees well with the 
experiment. The lines present expected variations based on the simple physics of an accordion 
bellows, in which the fractional change in wavelength equals the applied strain [16]. Responses 
to compressive strains are similar to those of tensile strains, due to the underlying mechanics as 
described elsewhere [22]. More detailed analysis appears subsequently. 
The ferroelectric and piezoelectric properties of these wavy PZT nanoribbons are crucial to 
their envisioned applications. To examine these aspects, we used piezoresponse force 
microscopy (PFM) with an atomic force microscope (AFM, Asylum Research MFP-3D). The 
metal pads that connect to the bottom electrodes serve as electrical ground. An AC driving 
voltage of 6.6 V applied to the specimen through a conductive AFM tip (Ultrasharp 
NSC18/Pt/AlBS, MicroMasch) while it scans the specimen surface, creates a surface vibration 
due to the piezoelectric response. This motion allows spatial mapping of the amplitude and phase 
of the piezoresponse, which correlate to the magnitude and polarity of the piezoelectric 
coefficient. The use of two AC frequencies of 835 ± 10 kHz near the resonance using a dual 
frequency resonance tracking (DFRT) technique provides enhanced sensitivity and determination 
of the quality factor Q simultaneously (~7.7 for the cases reported here). The resulting amplitude 
and phase maps, overlaid on the AFM topography profiles for a single period in a representative 
wavy structure, appear in Figure 1-5 a and b, respectively. From the topography, the half 
wavelength and the amplitude of the wavy structure in this case are ~53 µm and ~1.25 µm, 
respectively, consistent with prediction (Figure 1-4). The piezoresponse varies in a non-uniform 
fashion, with a maximum response of ~400 pm. For Figure 1-5a, the area near the left wave peak 
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(blue) corresponds to a minimum. Approaching the right wave peak, the piezoreponse increases 
gradually and finally reaches a maximum. These variations correlate to local deformations 
associated with the wavy morphology. Moreover, strain gradients exist both along the ribbon 
thickness (e.g., top surface in tension and bottom surface in compression, due to bending) and 
length (e.g., top surface of crests and troughs in tension and compression, respectively) 
directions. As a result, piezoelectric effects induced by both the local strain [1] and the strain 
gradient (i.e., flexoelectric) [23] contribute to variations in the piezoresponse. 
To investigate the ferroelectricity of the PZT nanoribbons, a sequence of DC biases were 
imposed on top of the AC driving voltage, with the piezoresponse measured simultaneously.  
The results are characteristic phase-voltage hysteresis loops and amplitude-voltage butterfly plots. 
The hysteresis exhibits well-defined, symmetric “square” behavior, as in Figure 1-6a. The 
amplitude response presents an expected "butterfly” curve, shown in Figure 1-6b. Both phase 
and amplitude results are consistent with bulk PZT materials [24, 25], thereby suggesting that 
ferroelectric domains with polarization exist and are capable of switching in the wavy 
nanoribbon layouts. Comparison of the effective piezoelectric coefficient 33d  before and after 
transfer printing can be performed by statistically mapping the measured hysteresis and butterfly 
loops for these two cases, as shown in Figure 1-6c. The hysteresis loops are symmetric with 
respect to the applied voltage, and the piezoresponse of the wavy PZT nanoribbon on PDMS is 
comparable to that of a corresponding flat film on the silicon substrate in magnitude, with 
slightly bigger coercive field perhaps due to small bending strains associated with the wavy 
forms. Overall, the results confirm that the processing of Figure 1-1 does not degrade 
ferroelectric and piezoelectric properties. 
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The experimental results collectively suggest that wavy nanoribbons of PZT on PDMS have 
potential as a unique type of piezoelectric device architecture. To gain additional fundamental 
insights, we developed an analytical mechanics theory that is capable of capturing the physics of 
deformation and field response in such systems. In general, PZT is transversely isotropic with 
elastic, piezoelectric and dielectric constants ijc , ije  and ijk  [26], respectively. For a ferroelectric 
thin film, poled in the thickness direction (x3) and subject to plane-stress deformation 
33 23 13 0      and vanishing in-plane electric fields 1 2 0E E  , the in-plane stresses   
and strains   ( , 1,2   ), and out-of-plane electric field 3E  and displacement 3D  are related 
by    11 22 31 E E eE                and  3 11 22 3D e kE    , where 
2
11 13 33E c c c   is the plane-strain modulus, in-plane Poisson’s ratio 
   2 212 33 13 11 33 13c c c c c c    ,  31 13 33 33e e c c e  , and  233 33 33k k e c  . 
For film widths that are much larger than the thickness (i.e., the nanoribbon geometry), the 
strains in the width direction (x2) are negligibly small, 22 12 0   . Let 0  denote the 
membrane strain at the neutral plane (x3=0) of the ferroelectric film, and   the curvature due to 
buckling or bending, which both depend only x1. The strain along the film direction (x1) is 
11 0 3x    . The dielectric governing equation 3 3 0D x   gives 3 3k E x e    . For a 
ferroelectric thin film of thickness h subject to electrical potential V between the top and bottom 
film surfaces, this gives the electrical field 
 3 3
V e
E x
h k
   .    (1) 
The PZT film stress and electric displacement can then be obtained as 
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2
11 0 31
eV e
E E x
Eh Ek
  
  
     
   
, (2) 
 3 0
kV
D e
h
  . (3) 
For a stiff thin film bonded to a compliant substrate, the effect of interface shear is negligible 
[27]. Force equilibrium then gives a constant axial force in the thin film (i.e., 0N Eh eV  ), 
which implies that the membrane strain 0  does not vary with position. Prior to buckling the 
membrane strain 0  is zero since it is bonded to a thick, flat substrate. The axial force is N eV  
is compressive because 0e   (e.g., 27.5e C m   for PZT). As the electrical potential voltage V 
increases, the compressive stress eventually induces the thin film to buckle into a sinusoidal form 
represented by the out-of-plane displacement  3 1cos 2u A x  , with buckling amplitude A and 
wavelength  . The relation between membrane strain and displacements, 
 
2
0 1 1 3 1 2du dx du dx    gives the in-plane displacement    
2
1 14 sin 4u A x        and 
membrane strain 
2 2 2
0 A   .   
Minimization of the total energy total film substrateU U U  , 0
total totalU U
A
 
 
 
, gives the 
buckling wavelength 
 
1 3
2
2 1
3 s
E e
h
E Ek
 
  
   
  
,     (4) 
which is independent of electrical potential voltage V. The buckling amplitude is  
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1 2
2
1 1
crit
e V
A h
Ek V
 
   
 
  for  critV V ,  (5) 
which increases with V, where  
 
1 3
23
1
4 3
s
crit
s
E h E e
V
e E Ek
  
   
  
 (6) 
is the critical voltage for the thin film to buckle, and it is linearly proportional to the film 
thickness h. For the PDMS substrate 2.6sE  MPa  and PZT 11 148 c GPa , 12 76.2 c GPa , 
13 74.2 c GPa , 33 131 c GPa , 
2
31 2.1e C m  , 
2
33 9.5e C m  and 
9
33 2.08 10k F m
 
 
[14, 
28], the critical voltage is 0.66 V for the film thickness h = 100 nm. The buckling wavelength is 
linearly proportional to the film thickness h and so is the buckling amplitude for a fixed electric 
field V/h. 
Figure 1-7 shows the buckling amplitude A, normalized by  
1/2
21 /h e Ek , versus the 
normalized voltage critV V  for wavy nanoribbon with piezoelectric and non-piezoelectric effect, 
respectively. If the film has no piezoelectric effect, then the applied voltage cannot induce 
buckling. A universal curve results in the case of PZT because the elastic and piezoelectric 
properties and film thickness come into play only via the normalizations  
1/2
21 /h e Ek  and 
critV . This relation provides an approach to control the buckling amplitude via the voltage V, 
which is much different than the pre-strain approach used in stretchable electronics [14]. It is 
important to note that the amplitude of a buckled ferroelectric film is several orders magnitude 
larger than the lateral displacement obtained by the same ferroelectric film on a rigid substrate, 
12 
 
which is given by  33 33e c V . For the PZT film, the amplitude in Eq. (5) is 536 and 745 times 
larger than the lateral displacement  33 33e c V  without buckling for the representative voltages 
of 0.70 and 0.75 V (and film thickness h = 100 nm), respectively. This significant increase of the 
lateral displacement may represent a useful way to take advantage of piezoelectricity in this way 
geometry. 
Figure 1-8 shows the membrane strain   0 crite Eh V V   and bending strain 
  03 4bend s critE h e V      in the wavy PZT nanoribbons. The maximum strains are 0 bend   
(at the top and bottom surfaces of the nanoribbon), which range from -0.013% to -0.056% for the 
voltage V= 0.70 V (and film thickness h = 100 nm). As the voltage increases to 0.75 V, the strain 
ranges from -0.002 to -0.065%. These are very small as compared to the fracture strain of PZT. 
 
1.4 Conclusion 
The results presented here demonstrate processing schemes that allow fabrication of PZT 
nanoribbons in wavy forms on elastomeric substrates. From PFM measurements, the PZT 
nanoribbons integrated in this manner exhibit ferroelectricity and piezoelectricity comparable to 
related flat films on rigid silicon substrates. Theoretical analysis reveals the physics of these 
structures and provides certain predictions related to amplification effects in the displacement 
response and the ability to tune the structures with applied voltages. These results provide a 
foundation for future device related work in this area. 
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1.6 Figures 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1. Schematic illustration of procedures for defining PZT devices in nanoribbon formats 
and for integrating them in wavy configurations on PDMS substrates. (a) Patterning the PZT 
nanoribbons. The inset provides a cross sectional illustration with representative lateral 
dimensions. The gold and red layers correspond to the electrodes and the PZT, respectively. (b) 
Undercutting the sacrificial layer. Photolithographically patterned photoresist protected the PZT 
layers during removal of the SiO2 with dilute HF. Etching away the SiO2 layer underneath the 
ribbons but incompletely from the pads at their ends prepares the structures for printing. (c) 
Removing the PZT nanoribbons. The inset shows a cross sectional view, and thicknesses for the 
different layers in the structure. Contacting a PDMS stamp with the PZT and peeling the stamp 
away removes the ribbons from the silicon wafer and leaves them adhered to the surface of the 
stamp. (d) Printing the PZT nanoribbons. Aligning a stamp with PZT ribbons to a prestrained 
substrate of PDMS with a predefined electrode, and then printing transfers the PZT to the 
PDMS. (e) Forming wavy PZT nanoribbons. Releasing the prestrain leads to a mechanical 
buckling process that forms wavy structures.  
SiO2
Si
a
b
20 µm
15 µm
50 µm
c
e
Photoresist
SiO2
HF
Wavelength =  60~110 µm
Amplitude    =  ~ 1.25 µm
d
Si
Pt/Cr   150nm/10nm
PZT     400 nm
Pt/Ti    150nm/10nm
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Figure 1-2. Structural characterization of PZT nanoribbons prior to their integration with PDMS.  
(a) SEM cross sectional image of the material stack, Pt/Cr/PZT/Pt/Ti, on SiO2/Si. (b) X-ray 
diffraction spectrum with PZT peaks labeled. (c) AFM image of PZT nanoribbons with 
electrodes. (d) Height profile along the ribbon cross section; the red line in frame (c) indicates 
the approximate position of this profile.  
  
a
Pt/Cr
PZT
Pt/Ti
500 nm
c
db
SiO2
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Figure 1-3. Wavy PZT nanoribbon devices on PDMS, and full three-dimensional (3D) 
simulations obtained using the finite element method. (a) Optical image of a pair of wavy PZT 
nanoribbons with electrodes on PDMS. (b) Magnified optical image for a sample similar to the 
one in (a). (c) Three-dimensional rendering of the calculated displacements for structures 
identical to those in frame (a).  
  
Pt (top electrode)
PZT
a b
Pt (bottom electrode) 
PDMS
100 µm 20 µm
c
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Figure 1-4. Measured wavelength of wavy PZT nanoribbons as a function of applied tensile 
strain. The insets show images of wavy PZT nanoribbons subjected to 4.8 and 8% tensile strains. 
The red line provides prediction based on mechanics theory. 
  
ε  = 4.8% ε  = 8%
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Figure 1-5. PFM measurement of wavy PZT ribbons with electrodes, for AC voltages at 
frequencies of 835 ± 10 kHz. (a) PFM amplitude image overlaid on AFM profile; (b) PFM phase 
image overlaid on AFM profile.  
 
  
a
b
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Figure 1-6. (a) PFM hysteresis phase loop; (b) PFM hysteresis amplitude loop. (c) PFM 
hysteresis loops of a wavy PZT ribbon on PDMS and a PZT film on Si, respectively.  
Comparison of piezoelectric and ferroelectric properties before and after transfer printing. 
  
a b
c
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Figure 1-7. Calculated buckling amplitude A, normalized by  
1/2
21 /h e Ek , as a function of 
normalized voltage V/Vcrit for wavy ribbons with and without piezoelectric effects.  
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Figure 1-8. Calculated bending strain and membrane strain of wavy PZT ribbons as a function of 
applied voltage. 
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CHAPTER 2 
 
TRANSIENT, BIOCOMPATIBLE ELECTRONICS AND ENERGY HARVESTERS 
BASED ON ZNO 
 
 
2.1 Introduction 
Semiconducting oxides are of growing interest as replacements for silicon in thin film 
transistors for active matrix display backplanes; they are also of potential use in transparent, 
flexible electronics and energy harvesters. Zinc oxide (ZnO), in particular, has favorable 
combination properties, including excellent transparency in the visible wavelength range [1], 
high electron mobility [2], and strong piezoelectric response [3]. As a result, ZnO, in forms 
ranging from films to wires and rods, has been explored in sensing [4-6], catalysis [7, 8], optical 
emission [9, 10], piezoelectric transduction [11], and actuation [12]. Previous work also suggests 
that ZnO is biocompatible [13-15], and therefore suitable for devices that integrate on or in the 
human body. Here we introduce classes of ZnO based electronic devices that have, as their key 
attribute, the ability to dissolve completely in water or biofluids. In this way, ZnO provides an 
alternative to silicon [16] or organic semiconductors [17-20] for physically transient forms of 
electronics and sensors, with expanded capabilities in energy harvesting, light emission and 
others. The other constituent materials of the devices presented here include magnesium (Mg) for 
electrodes and interconnects, magnesium oxide (MgO) for the dielectrics, and films of silk 
fibroin for the substrate and package. Each material used here is also biocompatible, as discussed 
in previous reports [21, 22, 23-26]. We present specific designs and fabrication schemes for ZnO 
thin film transistors and mechanical energy harvesters (also for use as strain gauges). Detailed 
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studies reveal the kinetics of dissolution and the ability to use materials and design choices to 
control this kinetics. Combined experimental/theoretical work illustrates the key operational 
features of the devices. 
 
2.2 Experiments 
2.2.1 Fabrication of ZnO Thin Film Transistors (TFTs) and Mechanical Energy Harvesters 
(MEHs) 
All electronic materials were directly deposited onto silk through high resolution stencil 
masks made of polyimide (PI) films (Kapton, 12.5 µm, Dupont, USA). These materials consist 
of ZnO (semiconductor), Mg (conductors), MgO (insulators), silk (substrate). A layer of Mg 
(150 nm) deposited by electron beam evaporation (Temescal) defined the source and drain 
electrodes for the TFTs. ZnO (200 nm) deposited by RF magnetron sputtering (AJA) through a 
PI mask served as the semiconductor.  A high-purity of ZnO target was used (99.99%), with base 
pressures of 2×10
−6
 torr, and working pressures of 15 mTorr, maintained with a Ar (99.99 %) : 
O2 = 2 : 1 (sccm) gas mixture. The sputtering was performed at room temperature (RT) with an 
RF power of 250 W, immediately after cleaning the target with Ar plasma for 5 min. The 
deposition rate was ~150 nm/hr. Electron beam evaporation of MgO (100 nm), also through PI 
masks, defined the gate dielectrics. The gate consisted of Mg (300 nm), deposited and patterned 
using schemes similar to those for the source and drain. 
ZnO MEHs were designed in six groups, each of which contains ten separate devices (ZnO 
strips with Mg electrodes on top and bottom, in a capacitor type geometry). Devices within each 
group were connected in parallel; the six groups themselves were connected in series. The 
fabrication began with deposition of Mg (300 nm) by electron beam evaporation through a PI 
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shadow mask, to form bottom electrodes. A layer of ZnO (400~500 nm) was then formed by RF 
sputtering, through a shadow mask aligned to the Mg bottom electrodes. Top electrodes of Mg 
(~500 nm) were formed in a manner similar to that for the bottom electrodes. Individual ZnO 
strips defined active areas of 50 µm × 2 mm. Square pads at their ends faciliated electrical top 
and bottom electrode contacts. The ZnO layer was formed in a geometry slightly bigger than that 
of the bottom electrode to avoid shorting of top to bottom, as seen in Figure 2-1.  
 
2.2.2 Investigation of ZnO Thin-Film Properties and Device Analysis 
X-ray diffraction (XRD, Philips X'pert) revealed that the films consist of hexagonal ZnO, 
with prefered orientation of (002).  Scanning electron microscope (SEM, Hitachi S4800) imaging 
determined the surface topography and provided cross sectional views of the films.  
Measurements of voltage induced displacements in thin films of ZnO were conducted by atomic 
force microscopy (AFM, Asylum Cypher, USA). A semiconductor parameter analyzer (4155C, 
Agilent) was used to measure the electrical characteristics of TFTs and MEHs.   
 
2.2.3 Bending Tests for Energy Harvesters/Strain Gauges 
A commercial instrument (IPC Flexural Endurance Tester Model: CK-700FET) was used to 
perform bending experiments. The test involved compressing a sheet of devices between two 
clamped edges; the result was a buckling structure whose curvature was defined by the extent of 
compression. Electrical measurements revealed positive and negative swings in voltage and 
current output, corresponding to the application and release of such buckling stresses. An 
analytical model of the mechanical deformations and the associated piezoelectric effects 
captured the experimental observations.   
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2.2.4 Dissolution Experiments 
Dissolution tests were performed to study degradation behaviors of devices and kinetics of 
materials removal. To observe dissolution of ZnO, a meander trace of ZnO (200 nm) on a glass 
substrate was submerged in deionized (DI) water at room temperature. Optically significant 
changes were observed after 9 hr, and complete disappearance occurred within 15 hr. In a similar 
way, a ZnO transistor, consisting of Mg, MgO, and ZnO, on glass was used to illustrate the 
various stages of dissolution at the device level. Most components disappeared within 8 hr; 
complete dissolution occurred within 15 hr. In addition, measurements of changes in electrical 
properties defined timescales of device function. A transistor with a design similar to that 
described above was prepared and encapsulated with a layer of MgO (500 nm). Measured and 
calculated characteristics revealed two-stage kinetics. The first was determined by the 
encapsulation layer; the second, primarily by the Mg electrodes. 
 
2.3 Results and Discussion  
2.3.1 Fabrication of ZnO Devices in Transient Form on Silk  
Figure 2-2 a and b provide a schematic diagram and an image of water-soluble ZnO TFTs 
and MEHs/ strain gauges. Sheets of silk fibroin provide substrates and, in certain cases, 
encapsulating layers. Magnesium, deposited by electron beam evaporation through fine-line 
stencil masks made of PI films (Kapton, 12.5 µm, Dupont, USA), is used for the electrodes and 
interconnects (thicknesses between 200 and 500 nm). A first layer of Mg defines the source/drain 
electrodes for the TFTs (and, therefore the channel length, Lch) and the bottom electrodes of the 
MEHs. Sputter deposition of thin films of ZnO (thicknesses between 350 and 500 nm) through 
PI masks forms semiconducting and piezoelectric components of the devices. The widths of the 
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patterned ZnO films determine the channel widths (W) of the transistors. Layers of MgO 
(thicknesses between 100 and 150 nm) deposited by electron beam evaporation through PI masks 
serve as the gate dielectric layers for the TFTs. An additional patterned deposition of Mg (~400 
nm) yields top electrodes for MEHs, and source, drain and gate contacts for the TFTs. A top 
encapsulating layer of silk can be applied by spin casting. All constituent materials, i.e. Mg 
(electrodes, contacts and interconnects), MgO (gate and interlayer dielectrics), ZnO (active 
material for the TFTs and energy harvesters/ strain gauges) and silk (substrate and encapsulant), 
dissolve in water. The products of this dissolution include Mg(OH)2, Si(OH)4 and Zn(OH)2. 
Previous studies suggest that these compounds, and the device materials themselves, are 
biocompatible and environmentally benign [14, 27, 28]. Figure 2-2c includes a set of images 
collected in a time sequence during dissolution in DI water at room temperature. The silk 
substrate (~25 µm), in the formulation used for this example, quickly disappears by simple 
dissolution. This process causes the device structures to physically disintegrate. Afterward, each 
remaining material disappears due to hydrolysis at different rates, as described in the following 
sections and previous reports [29-33]. The time frames for dissolution can be programmed not 
only by encapsulation and packaging methods, but also by choices of dimensions, thicknesses 
and configurations in the materials for the device structures.   
Dissolution of the constituent materials, other than the silk, involves hydrolysis to produce 
metal hydroxides. In the case of ZnO, the product is zinc hydroxide (Zn(OH)2), as a result of the 
reaction ZnO + H2O   Zn(OH)2. Figure 2-3a shows a collection of images of a meander trace 
of ZnO (200 nm) at various times during hydrolysis. The trace completely disappears after 15 hr, 
in DI water at room temperature. The mechanisms of dissolution of ZnO can be analytically 
described by reactive diffusion models, in which water diffusion into the materials is the rate 
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limiting process. Previous reports describe in detail the dissolution behaviors of ZnO and the 
dependence on pH, temperature, dimensions and surface structures [27, 34-37]. Additional 
experiments on dissolution, monitored by measurements of thickness as a function of time during 
immersion in several different types of solutions, such as phosphate buffer saline (PBS, pH 4.0, 
Sigma-Aldrich, USA), serum, and comparison of the results with theoretical models appear in 
Figure 2-4a. The rate of dissolution ZnO increases with decreasing pH, consistent with previous 
literature reports [27]. In acidic solution, the dissolution of ZnO is also attributed to the reaction, 
ZnO + 2H
+
 → Zn2 + H2. A set of optical micrographs shows a fully formed ZnO TFT 
undergoing dissolution under similar conditions, as presented in Figure 2-3b. All electronic 
materials, i.e. Mg, MgO and ZnO, completely dissolve in 15 hr after immersion in DI water at 
room temperature, in a controlled manner, without cracking, flaking or delamination. For the 
device dimensions studied here, the thicknesses of the layers determine, in large part, the 
timescales for dissolution. 
 
2.3.2 Dissolution of Zinc Oxide 
To understand the dissolution mechanium of a ZnO film, the film thickness as a function of 
time in various solutions (e.g., PBS, DI water and bovine serum) was studied. Upon dissolution, 
ZnO forms zinc hydroxide, following the equlibrium: ZnO+H2OZn(OH)2 [38]. The initial 
thickness of ZnO film, ZnOt , is much smaller than its width/length and one-dimentional reactive 
diffusion equation [39] in the thickness direction x3 accounts for the behavior of ZnO hydrolysis. 
Setting x3=0 at the bottom surface of ZnO film, the water concentration in the ZnO film, w, at 
time t satisfies the reactive diffusion equation 
2 2
3D w x kw w t       [39] , where D and k are 
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the diffusivity and reaction constant, respectively. The water concentration is constant at the top 
surface of the ZnO film 
3
0
ZnOx t
w w

 , and the boundary condition at the bottom of the film is 
zero water flux 
3
3 0
0
x
w x

   . The above equation can be solved by the method of separation of 
variables. At the location x3 and time t, kw water molecules react with ZnO and one water 
molecule reacts with one ZnO atom. Its integration over the thickness and time gives the mass 
(per unit area of the cross section) of dissolved ZnO, which in turn gives the remaining thickness 
of ZnO, ZnOt  , normalized by its initial thickness ZnOt  as 
1ZnO
ZnO c
t t
t t
 
,                  (1) 
where  
    
2
2
0
1
tanh
H OZnO
c
ZnO
Mt
t
w MkD kt
D


          (2) 
is the critical time when the thickness reaches zero, M and 
2H O
M  are the molar masses of ZnO 
and water, respectively, and  is the mass density of ZnO. The diffusivity of water in ZnO 
sputtered film is independent of pH values and is larger than that in crystalline ZnO [40]. For 
diffusivity D > 2.0×10
-13
 cm
2
/s (and tZnO = 300 nm as in experiments and a large range of 
reaction constant k), the critical time in Eq. (2) is essentially independent of D. This is because 
dissolution is dominated by reaction (across the entire thickness) for relatively fast diffusion. The 
remaining thicknesses given by Eq. (1) agree well with the experimental measurements for the 
reaction constants of 3.6×10
-4
 /s, 1.8×10
-5
 /s, 4.7×10
-6
 /s in phosphate buffer solution (PBS, pH 
4), DI water (pH 7.5) and bovine serum (pH 8.7), respectively. Eq. (2) gives critical time of 1 hr, 
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19 hr and 73 hr for PBS, DI water and bovine serum solutions, respectively, which agrees 
reasonably well with experiments in Figure 2-4a. The dissolution rate is then obtained as 
2
2
0 tanhZnO ZnOdissolution
H O
dt w M kt
v kD
dt M D
  
.            (3) 
It gives 313 nm/hr, 15.7 nm/hr and 4.09 nm/hr in PBS, DI water and bovine serum, respectively, 
consistent with the values reported in the previous experiments [41]. 
Figure 2-3c summarizes the temporal variation in the electrical properties of a ZnO TFT, as it 
dissolves. (See Figure 2-4b for an image and diagram of the device.) In this case, a plate of glass 
serves as the substrate, and a layer of MgO (500 nm), deposited by electron beam evaporation, 
encapsulates the entire system everywhere except at the contacts for source, drain, and gate 
electrodes which themselves are not immersed. Measured transfer curves, drain currents (Id) and 
peak transconductances show stable operation for ~3 hr, followed by rapid degradation over the 
next ~45 min. (Additional electrical properties appear in Figure 2-4c) The encapsulant and the 
device materials (mainly the Mg in this case) define the first and second timescales, respectively. 
The results of Figure 2-3c are only representative. The encapsulant material and thickness can be 
selected to achieve stable periods of device operation that match requirements for specific 
applications. For example, silk can be combined with MgO to enable the lifetime to extend from 
min to years, as demonstrated in previous results [16].
 
Complete electrical and mechanical 
measurements on transient ZnO TFTs and MEHs appear in Figure 2-5. All electrical 
measurements and bending studies were performed in a dry environment. Here, the TFTs use Mg 
(150 nm, source, drain and gate electrodes), ZnO (200 nm, active layer), MgO (100 nm, gate 
dielectric). Figure 2-5b illustrates additional details in optical micrographs of a typical TFT, 
collected after defining the channel configuration (top) and completing the fabrication (bottom). 
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Analysis of current-voltage (I-V) characteristics (Figure 2-5c,d) of a typical device (channel 
length (Lch) and width (W) are 20 µm and 500 µm, respectively) yields a mobility of ~0.95 
cm
2
/V·s, an on/off ratio of > 10
3
, a subthreshold swing of ~1 V/dec (at Vd = 0.1 V) and a 
threshold voltage of ~1 V. (See details on contact resistance of Mg in Figure 2-4d). These 
properties are similar to those of non-transient counterparts reported previously [42-45]. Previous 
literature studies suggest that deposition procedures and subsequent processing conditions for 
ZnO strongly affect the electrical properties [42, 46-49]. Careful parametric studies reveal 
conditions for sputter deposition that yield transistor characteristics (i.e., mobilities, on/off ratios, 
etc) in transient devices on silk that fall into a well established range set by more conventional 
sets of materials and substrates
 
 [44, 50]. 
 
2.3.3 ZnO MEH Response under Mechanical Load 
Figure 2-5e presents an image of an array of MEHs, each with a capacitor type geometry. A 
layer of ZnO (500 nm) lies between bottom (300 nm) and top electrodes (500 nm) of Mg that 
define an active area of 50 µm × 2 mm. An MEH consists of six groups of devices; each group 
includes ten separate capacitor structures electrically connected in parallel. The six groups are 
connected in series. A IPC Flexural Endurance Tester (Model: CK-700FET) enables accurate 
evaluation of properties under bending. The test configuration involves the two edges of the 
sample fixed within the two sliding fixtures of the instrument. During compression, the sample 
mechanically buckles upward to generate a well-defined, although non-uniform bending 
moment. Periodic variations in positive and negative voltage output peaks accompany the 
application and release of the buckling stresses (tensile at the location of the devices), 
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respectively. The voltage and current outputs from an MEH are ~1.14 V and ~0.55 nA, as shown 
in Figure 2-5f.  
 
2.3.4 Mechanics Analysis of ZnO Strips under Bending 
For the out-of-plane displacement  11 cos 2 2silkw A x L     shown in Figure 2-5g for 
plane-strain analysis (
22 0  ), the bending energy in the silk substrate is related to the curvature 
w  by    22silkEI w ds , where silkEI  is the plane-strain bending stiffness of the silk substrate, 
and the integration is over the length of the silk substrate.  The membrane energy can be obtained 
following the same approach of Song et al [51]. Minimization of total energy (sum of bending 
and membrane energies) gives the amplitude A as  
   
 
2 2
2 2
3
silk
silk silk
t
A L L L L

 
     ,   (4) 
where silkt  is the thickness of the silk substrate, and the last approximation holds when the 
compression of silk substrate L
 
is much larger than its critical value  2 2 3silk silkt L  to initiate 
buckling. For a 25 μm -thick and 3 cm-long silk substrate,  2 2 3silk silkt L  ~0.07 μm  is 
negligible as compared to compression 1.5 cmL   in the experiments.   
The bending moment M of the silk substrate is related to the curvature w  by silkM EI w , 
where  3 12silk silk silkEI E t  is the bending stiffness of silk substrate and silkE  is the plane-strain 
modulus. For the part of silk substrate covered by the ZnO strips (Figure 2-1c), the local 
curvature is reduced to compM EI  due to the additional bending stiffness of ZnO strips, where 
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2
1 1 1
3
n i i
comp i i i j neutral j neutral i
i j j
EI E t t t y t y t
  
   
       
    
    is the effective bending stiffness of 
multi-layer structure (Figure 2-1c) with the silk substrate as the 1
st
 layer (i=1) and the summation 
over all n layers, 
iE  and ti are the plane-strain modulus and thickness of the i
th
 layer, respectively, 
and 
1 1 1
2 2
n i n
neutral i i j i i i
i j i
y E t t t E t
  
    
     
    
    is the distance from the neutral mechanical plane 
to the bottom of 1
st
 (silk) layer. The membrane strain in ZnO is the axial strain at the mid-plane 
of ZnO strips, and is given by  
   
  
 silk compm EI EI w h  ,    (5) 
where h is the distance between the mid-plane of ZnO strips and the neutral mechanical plane.  
For the length of ZnO strips much smaller than that of the silk substrate, w  is evaluated at the 
center x1=0 of ZnO strips as 4 silk silkw L L L    . For the structure shown in Figure 2-1c, 
1 3.33E MPa  and 1 25t m  for silk, 2 49.1E MPa  and 2 0.5t m  for the Mg layer 
between silk and ZnO strips, 3 157E MPa  and  3 0.5t m  for ZnO, and 4 0.3t m  for the 
top Mg layer; these give silk compEI EI = 0.34, yneutral = 20.2 µm and  1 2 3 2 neutralh t t t y    = 
5.52 µm. 
 
2.3.5 Piezoelectric analysis 
The constitutive model of piezoelectric materials gives the relations among the stress ij , 
strain ij , electric field Ei and electric displacement Di as  
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The plane-strain condition 
22 0   of ZnO strips, together with 33 0   from the traction free on 
the top surface of the structure, gives 3 11 3D e kE  , where  31 13 33 33e e c c e   and 
 233 33 33k k e c   are the effective piezoelectric constants. The electric displacement can be 
further obtained as 
                                                    
3
3
m
kV
D e
nt
 
      (8) 
from the charge equation 
3 3 0dD dx   and the relation 3 3E x    between the electric field 
and  the electric potential, together with the boundary condition 
   3 32 2ZnO ZnOx t x t V n       , where V  is total voltage between the two ends of the n 
groups of ZnO strips in series, and 3t  is the thickness of ZnO strips. Eq. (8) shows that the 
electric displacement is linear with the membrane strain of ZnO strips, and is independent of the 
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bending strain. Therefore, the bending strain does not contribute to the voltage and current output 
of the MEH given in the following.  
 
2.3.6 The Efficiency Calculation of Transient ZnO Energy Harvester 
Models of the electromechanics that can determine efficiencies of operation from raw data 
collected from experiments were developed. In particular, we used these models to calculate i) 
the mechanical input power required to bend the energy harvester device, ii) the associated 
electrical output power, and iii) the resulting electromechanical energy conversion efficiency: 
The deformation of a silk substrate with the length silkL  is defined by classic Euler buckling 
mechanics. According to post buckling theory [52], the external force required to achieve a 
relative displacement of the two ends of the substrate by ΔL is 
where 
3 12silk silk silk silkEI E w t  is the bending stiffness, and silkE , silkw  and silkt  are the effective 
Young’s modulus, the width and the thickness of the substrate, respectively. The work associated 
with bending from the flat state to the state of maximum curvature is given by 
 
For the structure shown 
in the right frame of Figure 2-1g, 3.33silkE MPa , 3 silkL cm , max 1.5 L cm  , 25 silkt m and 
2 silkw cm , the work (i.e., the input energy) is 79.49 nJ.   
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(i) The input power is simply given by this quantity divided by the time for this               
deformation (T = 2.3 s for experiments reported here)   
                                                           𝑃𝑖𝑛 =
𝑊𝑖𝑛
𝑇
=
79.49𝑛𝐽
2.3𝑠
= 34.55 𝑛𝑊    
(ii) The electrical energy output by bending the energy harvester device is calculated by 
integrating the ratio of the square of the voltage and the resistance over time by following 
formula [53] 
𝑊𝑜𝑢𝑡 = ∫
𝑉2
𝑅⁄ 𝑑𝑡
𝑇
0
 
where V and 92.3 10R     are the measured output voltage and the resistance of the voltmeter, 
respectively. Thus,  
                                                                    𝑃𝑜𝑢𝑡 =
𝑊𝑜𝑢𝑡
𝑇
= 0.097 𝑛𝑊.  
(iii) The electromechanical energy conversion efficiency of the transient, ZnO energy 
harvester on a thin film silk substrate can be calculated as the ratio between generated electrical 
energy and the mechanical input power required to bend the energy harvester device.  
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
=
0.097𝑛𝑊
34.55𝑛𝑊
× 100 = 0.28% 
The peak output power density is ~10 nW/cm
2
. The output averaged over the entire range of 
deformation, combined with a theoretical analysis of the mechanical input power required to 
bend the device, suggests a conversion efficiency of 0.28%, but in a way that is dependent on 
many parameters of the system, including the external electrical load. The structures are not fully 
optimized for efficiency. High absolute efficiencies might not be a relevant goal for many 
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applications in bio-integrated devices. In such cases, the aim is to collect enough power to 
operate a device (e.g., a pacemaker), but to do so without inducing significant mechanical 
loading on natural motions of the relevant part of the body. High efficiency operation would, 
necessarily, impose constraints on motion, due to conversion of a significant fraction of 
mechanical work into electrical power. Such constraints can have adverse biological 
consequences, particularly in an organ like the heart which responds to mechanical loading by 
arrhythmic behavior. The efficiency can be improved through optimized choices of thicknesses, 
lengths, widths and Young's moduli for the substrate and piezoelectric layers [54].
 
Furthermore, 
reduction in viscoelastic dissipation of the substrate can be beneficial [46].
 
Figure 2-5g gives a 
schematic illustration of narrow strips of ZnO films connected in series, and the theoretically 
predicted shape of the buckled device.  
Analytical models that couple the mechanical deformation and the piezoelectric effect 
provide additional insights into the behaviours. Compression of the silk substrate of length Lsilk 
leads to its buckling with a representative out-of-plane displacement 
 11 cos 2 2silkw A x L    , where the origin of coordinate x1 is at the center of silk substrate, 
and the amplitude A is related to the compression L  between two ends of the silk substrate by 
 2 silkA L L  . The ZnO strips, together with the top and bottom electrodes, bend with the 
buckled silk substrate. The strain in the ZnO consists of membrane and bending strains. The 
membrane strain is given analytically by   4 silk compm silk silkL L EI EI h L    [55], where 
silkEI  and compEI  are the bending stiffnesses of silk substrate and the composite structure of 
ZnO strips with electrodes and silk substrate, respectively; and h is the distance between the 
center of ZnO strips and the neutral mechanical plane of the composite structure (Figure 2-1). 
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The bending strain is much smaller than the membrane strain since the ZnO strips are very thin. 
As a result, the total strain is essentially the same with the membrane strain. In addition, the 
bending strain has opposite signs above and below the center of ZnO strips and does not 
contribute to the voltage and current output of the MEH. 
The ZnO strips are transversely isotropic with elastic, piezoelectric, and dielectric constants 
cij, eij, and kij, respectively. The polarization direction x3 is normal to the surface of the strip and 
the surface of the silk substrate. For plane-strain deformation ( 22 0  ), the strain 33  and the 
electric field E3 along the polarization direction x3 satisfy the constitutive relations 
13 11 33 33 31 30 c c e E     and
 
3 31 11 33 33 33 3D e e k E    , where the electric displacement D3 along 
the polarization direction is a constant to be determined. For measurements of current, the top 
and bottom electrodes are connected to an ammeter as shown in Figure 2-1b. The ammeter has 
negligible electrical resistance, and therefore negligible voltage drop. The current (through the 
electrodes and ammeter) results from the moving charge induced by the strain in the ZnO (i.e., 
piezoelectric effect) even without voltage between the top and bottom electrodes. The zero 
voltage between the top and bottom electrodes of each ZnO strip, together with the above 
equations, gives 3 mD e , where  31 13 33 33e e c c e   is the effective piezoelectric constant. For 
each group of device in series, the current I is given by 3ZnOI A D  , where ZnOA  is total area of 
ZnO strips in each group. For a representative compression  
2
max 1 cos 2 4L L t T       
with the maximum compression maxL  and period T, the maximum current is obtained as  
 
 2 max
max 4
silkZnO
comp silksilk
e A LEI h
I
T LEI L

 
 . (9) 
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For max 1.5 cmL  , T = 2.3 s and Lsilk = 3 cm as in experiments, 0.34silk compEI EI  , h = 5.5 
µm and AZnO = 1.08 mm
2
 from the specimen geometry,and 20.67 C me   , which is on the 
same order of magnitude as the literature values [8, 56]. Eq. (9) gives the maximum current
max 0.55 nAI  , which agrees well with the experimental result as shown in Figure 2-5f. 
The voltage V  across the two ends of the n groups of ZnO strips in series is zero after the 
ZnO strips are connected to an ampere meter (Figure 2-1b). The electric displacement in Eq. (8) 
then becomes 3 mD e , where m  is given in Eq. (5). Its rate gives the current 3ZnOI A D  , 
where  1 1 2 2ZnO ZnO, ZnO, ZnO, ZnO,A m w l w l   is total area of ZnO strips in each group; 10m  is the 
number of ZnO strips in each group,
1 50 mZnO,w  , 2 90 mZnO,w  , 1 2 mmZnO,l   and 
2 90 mZnO,l   are the widths and lengths of the two rectangular parts of each ZnO strip, 
respectively (Figure 2-1a). Substitution of the representative L  in the above section into the 
above formula gives the current, particularly the maximum current in Eq. (9). 
For measurements of voltage, if V denotes the total voltage for n groups of devices in series, 
then the voltage across each group is V n . The electric displacement becomes
 3 m ZnOD e kV nt  , where  233 33 33k k e c   is the effective dielectric constant and ZnOt  is 
the thickness of ZnO strips. The current 3ZnOI A D   is also related to the voltage V and 
resistance R of the voltmeter by I = V/R, which gives 
3ZnOV R A D  , or equivalently 
 
ZnO ZnO m
ZnO
nt net ddV
V
dt A Rk k dt

   . (10) 
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For  
2
max 1 cos 2 4L L t T       and the initial condition  0 0V t   , the maximum 
voltage is given by 
 
 2 max
max 4
silkZnO
comp silksilk
e A LEI h
V R
T LEI L

 
 . (11) 
 
2.3.7 Voltage 
For voltage measurement, the voltage V  in Eq. (8) across the two ends of the n groups of 
ZnO strips in series is no longer zero after the ZnO strips are connected to a voltmeter (Figure 2-
1b). The rate of the displacement in Eq. (8) gives the current  3ZnO mI A e k nt V     , which, 
together with the Ohm’s law gives Eq. (10). Substitution of the representative L  into solution 
of Eq. (10) gives the voltage, particularly the maximum voltage in Eq. (11). 
Figure 2-6 indicates the intrinsic properties of ZnO thin film by sputtering system. X-ray 
diffraction (XRD, PhilipsX'pert) patterns shown in Figure 2-6a were used to assess the 
orientation and the crystal structure of sputtered ZnO film. Analysis was carried out by 
performing 2θ/ scans, where  is the angle of incidence relative to the surface and 2θ is the 
diffraction angle. The diffraction patterns revealed a (001) orientation with an hexagonal 
structure where the main peak belonging to (002) ZnO is clearly visible. This crystal structure is 
consistent with that reported [57, 58]. The estimated grain size is ~25 nm, estimated from the 
width of the XRD peak using the Scherrer formula [59].
 
Figure 2-6b shows scanning electron 
microscope (SEM) images of a typical ZnO thin film in top and cross-sectional views.   
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Piezoresponse force microscopy (PFM) studies of ZnO thin films with a Pt bottom electrode 
were performed using a commercial AFM (Cypher, Asylum Research, USA). Conductive Pt-
coated tips (Olympus AC240TM cantilever with a 320 kHz contact resonant frequency, 2 N/m 
spring constant) with a tip radius of 28 + 10 nm were used. A square wave potential was applied 
to the sample, as shown in Figure 2-6c. The piezoresponse was measured using a superimposed 
AC bias using the Dual AC Resonance Tracking (DART) PFM technique (see Figure 2-6d) [60]. 
The effective piezoelectric coefficient d33 of ZnO thin film was found to be 14 pm/V. 
For 92.3 10R     in the experiment, the theory gives the maximum voltage 1.1 V, which 
agrees well with experiment result of 1.14 V. In addition to electrical characterization of devices, 
the intrinsic piezoelectric and morphological properties of active layer ZnO thin film by 
sputtering system was studied by AFM, SEM, and XRD techniques in detail (Figure 2-6).   
 
2.4 Conclusion 
The results presented here indicate that ZnO can be used effectively as an active material for 
transient electronics, as well as for energy harvesting and strain sensing devices, for which all of 
the consituent elements dissolve completely in water. Compared to silicon, ZnO has features, 
such as wide, direct bandgap and piezoelectric responses, that could enable expanded capabilities 
in transient devices. The use of this material alone, or in heterogeneous configurations with 
silicon, open up additional application possibilities for transient technologies, in areas ranging 
from biomedicine, to environmental monitor and certain areas of consumer electronics.  
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2.6 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1. (a) Schematic illustration of an array of ZnO strips, and top and lateral views of a 
single strip. (b) Schematic illustration of a buckled array of ZnO strips on a silk substrate. (c) 
Schematic description of the membrain strain in the various layers of a ZnO MEH and the 
position of the neutral mechanical plane of the device. (d) Schematic illustration of the 
theoretical shape for buckling of a device under compression. 
 
 
 
 
 
b
a
c
Silk substrate
Mg/ZnO/Mg
A, V6 groups in series…
Silk 25 um
Mg 500nm
Mg 300nm
ZnO 500 nm
yneutral
h
Neutral mechanical plane
ZnO
Silk
Mg
Mg 
Top view Lateral view
ZnO
MgMg
2mm
50µm
90µm
9
0
µ
m
47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2. Materials and designs for transient thin film transistors (TFTs) and mechanical 
energy harvesters (MEHs)/strain gauges based on ZnO, Mg, MgO, and silk. (a) Schematic 
illustration of transient ZnO TFTs and MEHs/strain gauges that consist entirely of water soluble 
materials: ZnO (semiconductor/piezoelectric), Mg (conductor), MgO (insulator), silk (substrate). 
(b) Photograph of a collection of ZnO TFTs and MEHs on a silk substrate. All electronic 
materials were deposited through high-resolution shadow masks made of polyimide (PI) film 
(Kapton, 12.5 μm, Dupont, USA). (c) A set of images of an array of ZnO TFTs and MEHs on 
silk, at various times after immersion in deionized water at room temperature. 
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Figure 2-3. Dissolution kinetics of water soluble electronic materials, and devices. (a) A series 
of optical microscope images collected at various times during dissolution of a meander trace of 
ZnO (200 nm) immersed in deionized water at room temperature. (b) Images of a representative 
ZnO TFT at various times during dissolution. All components fully dissolve. (c) Experimental 
results of degradation in electrical properties of a ZnO TFT encapsulated with MgO (500 nm) at 
various times after immersion in DI water. The linear scale transfer curves (left) and the drain 
current (Id) at drain and gate voltages of Vd = 0.1 V and Vg = 5 V, respectively, and the peak 
transconductance (left) show that the operation of the device is stable for ~3 hr, after which the 
properties quickly degrade in ~45 min.  
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Figure 2-4. Dissolution kinetics of water soluble electronic materials, and devices. (a) A series 
of optical microscope images collected at various times during dissolution of a meander trace of 
ZnO (200 nm) immersed in deionized water at room temperature. (b) Images of a representative 
ZnO TFT at various times during dissolution. All components fully dissolve. (c) Experimental 
results of degradation in electrical properties of a ZnO TFT encapsulated with MgO (500 nm) at 
various times after immersion in DI water. The linear scale transfer curves (left) and the drain 
current (Id) at drain and gate voltages of Vd = 0.1 V and Vg = 5 V, respectively, and the peak 
transconductance (left) show that the operation of the device is stable for ∼ 3 hr, after which the 
properties quickly degrade in ∼ 45 min.  
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Figure 2-5. Electrical characterization of ZnO TFTs and MEHs. (a) Image of an array of ZnO 
TFTs on a silk substrate. The devices use Mg (source, drain, and gate electrodes), ZnO (active 
layer) and MgO (gate dielectric). (b) Optical micrographs of a TFT, after defining the channel 
configuration (top), and after completing the fabrication (bottom). (c) Current-voltage 
characteristics of a typical device, at different gate biases. (d) Linear scale transfer curves at 
various drain voltages (left), and linear (red) and log scale (blue) transfer curves at a drain 
voltage of 0.1 V (right). (e) Optical micrograph of a transient, ZnO energy harvester on a thin 
film silk substrate, in a bent configuration. (f) Output voltage vs time and output current vs time 
during cycles of bending. (g) Schematic illustration of ZnO strips connected in series, and the 
theoretical shape for buckling of a device under compression. 
  
b
0 5 10 15
0.0
0.2
0.4
0.6
 
 
1E-10
1E-9
1E-8
1E-7
1E-6
a
ZnO Transistor 2 mm
0 5 10 15 20
0
40
80
120
 
 
Vd (V)
I d
(µ
A
)
20 V
0 V
12 V
ZnO
Mg
L
W
G
S
D
150 µm
-5 0 5 10 15
0
10
20
30
40
50
 
 
I d
(µ
A
)
Vg (V)
0.1 V
1 V
5 V
10 V
Vd = 20 V
d
I d
(µ
A
)
I d
(A
)
Vg (V)
Vd @ 0.1 V
c
0 10 20 30
-1
0
1
 
 
0 10 20 30
-2
-1
0
1
2
 
 
C
u
rr
e
n
t 
(n
A
)
Time (sec)Time (sec)
V
o
lt
a
g
e
 (
V
)
f
g BottomTop
Mg interconnects
ZnO
e
ZnO harvester
1 cm
Silk sub.
Silk ZnO X3
X1
tsilk
W(X1)
X1
X3 A L 2
silkL - L
L 2
F(ΔL) F(ΔL)
51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6. (a) X-ray diffraction pattern of a thin film of ZnO, with preferred orientation labeled 
(002). (b) Top view scanning electron microscope (SEM) image of a sputtered ZnO thin film, 
with cross sectional image in the inset. (c) Typical bias profile for d33 measurement. (d) 
Measured displacements as a function of voltage applied to the ZnO thin film. 
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CHAPTER 3 
 
HIGH PERFORMANCE PIEZOELECTRIC DEVICES BASED ON ALIGNED ARRAYS 
OF NANOFIBERS OF POLY(VINYLIDENEFLUORIDE-CO-TRIFLUOROETHYLENE) 
 
3.1 Introduction 
An emerging development trajectory in electronics focuses on portable and flexible devices 
for applications such as those that involve integration with the human body, as health/wellness 
monitors, surgical tools, sensor networks, artificial muscles and engineered tissue constructs [1-
4]. In the field of robotics, similar technologies can be important in efforts to optimize human-
like manipulation schemes for robust modes of interaction in complex daily environments, at 
home or at work [5]. Flexible, rugged and lightweight constructions are key requirements, for 
both areas. Devices that exploit mechanical motions as natural sources of power can be 
particularly valuable [6-10]. Likewise, precision tactile sensors might represent first steps toward 
realization of artificial, electronic skins that mimic the full, multi-modal characteristics and 
physical properties of natural dermal tissues, for potential uses in robotics and human healthcare 
alike. Advanced materials will be critical to progress, particularly for integrated arrays that offer 
high sensitivity in the low-pressure regime (< 1 kPa). Previous examples include flexible, 
matrix-type arrays of pressure or strain sensors based on conductive rubbers [11-13]. Although 
such sensors have simple designs, their performance is modest, with pressure sensitivities around 
0.5 kPa [11] and response slopes, in terms of percentage changes in resistivity with pressure, of 
0.05% (kPa)
-1 
[12]. Recent component level studies indicate that sensitivities as high as 0.4 Pa 
[14] and 3 Pa
 
[15] can be achieved with triboelectric sensors and with air-gap capacitors, 
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respectively. These systems are of interest for many uses, but they suffer from undesirable 
sensitivities to static electricity, stray capacitances and temperature changes. 
Piezoelectric polymers are especially promising for devices with this type of functionality, 
because they can exploit deformations induced by small forces, through pressure, mechanical 
vibration, elongation/compression, bending or twisting [16]. These materials combine structural 
flexibility, ease of processing and good chemical resistance, with large sensitive areas, simplicity 
in device design and associated potential for low cost implementation. Current state-of-the-art 
pressure sensors based on piezoelectric polymers mainly rely on thin film geometries.  In parallel 
plate configurations [17], or combined with transistors on polymide substrates, such films enable 
precise pressure sensing, at a level suitable for detecting the touch of a finger (~ 2 kPa) [18]. 
Poly(vinylidenefluoride) (PVDF) and its copolymers have particularly attractive piezoelectric 
properties in these geometries. Their plastic behaviour makes them suitable for high-throughput 
processing [16, 19]
 
based on moulding, casting, drawing and spinning. Their carbon-fluorine 
chemistry renders them highly resistant to solvents, acids, and bases. A disadvantage is that 
achieving good performance (~kPa sensitivity) requires electrical poling to create maximum 
polarization in the direction orthogonal to the film plane [20, 21]. This process constrains 
engineering design options and, at the same time, requires multiple preparatory steps. 
Emerging techniques in nanofabrication have the potential to optimize piezoelectric 
responses, expand the range of device structures that can be considered, and simplify processing.  
For example, near and far field electrospinning methods can produce piezoelectric nanofibers, in 
which the associated extensional forces and electric fields naturally cause local poling and, by 
consequence, enhanced properties. Previous reports, however, describe fibers of this type only in 
the form of non-woven mats or isolated strands [22-26]. In particular, previously reported arrays 
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of fibers of PVDF are present as monolayers or few layer coatings, with modest degrees of 
alignment (± 20°) and separations of a few microns [24]. Furthermore, these fibers require high-
electric fields for poling, provided by either post-processing [24]
 
or near-field electrospinning 
[25]. Under comparable bending conditions, the current outputs of devices produced with such 
fibers are <5 nA and the voltages are in the range of 1-20 mV [24, 25]. Realistic device 
functionality under various stress conditions, such as compression and bending, can be best 
achieved with high volumetric densities of aligned arrays of fibers. These high densities are 
difficult to obtain by means of gap collectors or near field spinning. Gap collectors generally 
have poor capabilities in producing large area samples [27] with high degrees of alignment and 
uniformity in coverage because of the critical dependence on residual charges on the fibers in the 
gap. On the other hand, near-field methods typically involve direct serial writing, which is 
unsuitable for realizing large area and multilayered aligned arrays of fibers. Here, we describe 
procedures that allow this type of architecture, and demonstrate the key features using free-
standing, high density arrays as a piezoelectric textile that can cover large areas (tens of cm
2
). 
The resulting materials are mechanically robust and can be handled easily, with the capability to 
be bent or twisted without fracture. Under bending conditions, these fibers exhibit currents up to 
30 nA and voltage about 1.5 V. Furthermore, detailed characterization and modelling studies 
indicate distinctive piezoelectric features, owing to underlying alignment at the scale of both the 
polymer chains and the fibers. Flexible pressure sensors built simply by establishing electrical 
contacts to the ends of the aligned fibers show excellent sensitivity in the low-pressure regime 
(0.1 Pa) and respond to both compressive and bending forces. Alternative device architectures 
allow other modes of use, in sensors of acceleration, vibration and orientation. 
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3.2 Experiments 
3.2.1 Electrospinning and Electron Microscopy 
P(VDF-TrFE) (75/25 weight%, Solvay Solexis) was dissolved in 3:2 volume ratio of 
dimethylformamide/acetone (DMF/Acetone, Sigma Aldrich) at a polymer/solvent concentration 
of 21% w/w. Electrospinning was performed by placing 0.4-0.9 mL of solution into a 1.0 mL 
plastic syringe tipped with a 27-gauge stainless steel needle. The positive lead from a high 
voltage supply (XRM30P, 82 Gamma High Voltage Research) connected to the metal needle, for 
application of bias values around 25 kV. The solution was injected into the needle at a constant 
rate of 1 mL/hr with a syringe pump (33 Dual Syringe Pump, Harvard Apparatus). A static 
collector made of a metallic plate covered with an Al foil, or a cylindrical collector (diameter = 8 
cm, Linari Engineering S.r.l), was placed at a distance between 3 and 20 cm from the needle and 
biased at – 6 kV for the fabrication of random and aligned mats, respectively. To investigate the 
nature and structure of mesoscopic joints, arrays of fibers were made using solutions of PVDF-
TrFE in Acetone, methylethylketone (MEK), tetrahydrofuran (THF) and DMF/Acetone at 
volume ratios from 4:1 to 1:4. We found that joints form only when using DMF/Acetone. 
Continuous, free-standing, high-dense arrays of fibers can be achieved for DMF/Acetone volume 
ratios in the range from 1:2 to 3:2. At the lowest DMF content, needle clogging interrupts 
electrospinning and thus limits the density of the arrays to 1 x 10
3
 fibers per mm. At highest 
DMF content, fibers are discontinuous due to the presence of beads and necks.  Here, the degree 
of mutual alignment is also strongly reduced. Extensive electrospinning experiments were also 
performed with acetone, THF and MEK by varying the PVDF-TrFe /solvent concentration in the 
range 12-21% (w/w). The results, which appear in the Figure 3-1, suggest that use of DMF is 
critically important in the formation of continuous, smooth fibers at high densities and with 
56 
 
mesoscopic joints at crossing points. For purposes of comparison, PVDF fibers formed with the 
same experimental conditions were examined, to compare the morphological, crystallographic 
and mechanical properties against those of PVDF-TrFe (Figure 3-2 and 3-3). Films of P(VDF-
TrFE) with thicknesses of 10-40 m were deposited by spin-coating at 800 r.p.m. All the 
fabrication steps were performed at room temperature with air humidity of about 40%. The 
morphological analysis was performed by scanning electron microscopy (SEM) with a Nova 
NanoSEM 450 system (FEI), using an acceleration voltage around 5 kV and an aperture size of 
30 μm. 
For quantitative analysis of alignment, SEM micrographs were converted to 8-bit grayscale 
TIF files and then cropped to 880×880 pixels. ImageJ software (NIH, http://rsb.info.nih.gov/ij) 
supported by an oval profile plug-in (authored by William O’Connell) was used for radial 
summation of pixel intensities. All FFT data were normalized to a baseline value, and FFT 
images were rotated by 90° for better visualization.  
 
3.2.2 X-ray and Spectroscopic Characterization 
XPS spectra of fibers were collected using a Kratos Axis ULTRA X-ray photoelectron 
spectrometer with monochromatic Al K-excitation, 120 W (12 kV, 10 mA). To reduce the 
effects of surface charging, the monochromatic source was operated at a bias voltage of 100 V.  
Data were collected using the low magnification (FOV1) lens setting with a 2 mm aperture (200 
m analysis area) and charge neutralizer settings of 2.1 A filament current, 2.1 V charge balance 
and 2 V filament bias. Survey spectra were collected at a pass energy of 160 eV and high 
resolution spectra were recorded using a pass energy of 40 eV. The data were fitted with 
Gaussian-Lorentzian line shapes. The binding energy scale was referenced to the aliphatic C 1s 
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line at 285.0 eV. IR spectroscopy was performed with an FTIR spectrophotometer (Spectrum 
116 100, Perkin-Elmer Inc.), equipped with an IR grid polarizer (Specac Limited, UK), 
consisting of 0.12 μm wide strips of aluminium. The 4 mm wide beam, incident orthogonally to 
the plane of the sample, was polarized alternatively parallel or orthogonal to the main axis of 
fiber alignment. FTIR measurements performed on different samples and on different points of 
the same sample yielded similar results. A PANalytical X’pert MRD system, with Cu k-alpha 
radiation (wavelength 0.15418 nm), crossed-slit collimator as primary optics, and secondary 
optics consisting of a parallel plate collimator, a flat graphite monochromator and a proportional 
detector, was used for XRD measurements. A detailed scheme of the XRD set-up we used is 
reported in Figure 3-4. The crystallinity of the fibers was calculated from the area of the 
diffraction peaks (above the background) divided by the area of the whole diffraction curve. 
During X-ray analysis, samples were mounted on a low-background quartz holder. The 
instrument’s contribution to the background in the diffraction data was determined by separate 
measurements of the quartz holder without samples. 
 
3.2.3 Pressure Sensor Fabrication and Characterization 
P(VDF-TrFE) aligned fiber arrays were placed on 75-150 and 225 µm thick kapton film, and 
electric connections were established with copper films (25 µm thick) and silver paint (Ted Pella 
Fast Drying Silver Paint, 160040-30). Open loop voltage measurements were performed by using 
a DAQ (SMU2055) USB multimeter (6.5 digit resolution, Agilent Technologies) with input 
resistance of R = 70 M. Short-circuits current measurements were performed with a 
Semiconductor Parameter Analyzer (4155C Agilent Technologies) that has 10 fA measurement 
resolution. Signals were not amplified before acquisition. Pressure tests were performed using 
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PDMS posts with calibrated weights in the milligram range, formed by replica moulding against 
photolithographically defined templates. A Vacuum Pick-up Pen with Bent Metal Probe, 1” 
Long, 3/32” Cup diameter (Ted Pella, Inc., Vacuum Pickup System, 115 V) was used to place 
the PDMS on the fiber arrays from calibrated distance to apply desired pressures. Upon impact, 
the PDMS posts adhered conformably and instantaneously, resulting in registered voltage spikes 
from the fiber array, digitized at 50 samples per second by the measurement system. These 
procedures allowed application of controlled pressures, in the low pressure regime (0.1-12 Pa) 
onto an active P(VDF-TrFE) fiber array area of 9-18 mm
2
. (Conventional load cells are difficult 
to implement for measurements in this range of pressures and areas.) We performed control 
experiments indicating that no significant signal is observed without the fibers and that 
interchanging the connections reversed the polarity of the output (Figure 3-5). All measurements 
were performed at 20°C. 
 
3.2.4 Bending Measurements 
Cycling tests and bending experiments were performed by using IPC Flexural Endurance 
Tester (Model: CK-700FET). The two edges of the sample were fixed within two sliding stripes. 
The buckling radius measured from the middle of PI substrate (max curvature) is 74 mm. 
 
3.2.5 Additional Sensory Measurement 
A Personal Daq/3000 Series 16-bit/1-MHz USB Data Acquisition System was used to collect 
voltage signals from P(VDF-TrFe) fiber-based accelerometer. Orientation measurements were 
performed by placing devices on horizontal surfaces configured at a range of inclined angles.  
These experiments uses a PDMS test mass of 43 mg with Leff  = 6 mm. Upon impact, the PDMS 
mass adhered to the fibers, resulting in voltage spikes from the device. Experimental data 
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reported in Figure 3-6c were used to determine pressure values for voltage measurements at each 
angle. 
 
3.2.6 PVDF-TrFe Fibers Made by Dissolving the Polymer in Low-Boiling Solvents 
PVDF-TrFe was dissolved in three different low-boiling point (Tb) solvents: Acetone (ACE, 
Tb: 57°C), Tetrahydrofuran (THF, Tb: 66°C) and methylethylketone (MEK, Tb: 80°C) at different 
polymer/solvent concentrations in the range 12-21% (w/w). At the highest concentration, needle 
clogging occurs almost instantaneously with ACE and THF (Figure 3-1 a and b, respectively), 
and after tens of seconds with MEK (Figure 3-1c). In this last case, collected fibers take the form 
of isolated strands (about 7 x10
2
 roughly parallel fibers per mm) with an average diameter ~570 
nm. Such fibers have non-uniform morphologies, with both flat and porous surfaces, and in 
short, discontinuous segments due to the presence of necks and beads (Figure 3-1d).  
 At lower concentrations, the maximum electrospinning time could be extended to ~15 min 
with ACE (corresponding to 300 L of solution at the lowest concentration of 12% w/w) before 
needle clogging stopped irreversibly the electrospinning process. Fibers in this case appear in the 
form of isolated strands (2 x 10
3
 fibers per mm) with an average diameter of ~340 nm. As with 
MEK, fiber continuity is interrupted due to the formation of numerous beads (width of 2-8 m 
and length of 5-20 m) and the surface morphology of the fibers is inhomogeneous. In general, 
such discontinuities are observed at any solution concentration (Figure 3-1e).  
Using THF, electrospinning was not interrupted by needle clogging, but the produced fibers 
are, nevertheless, discontinuous with beads and a large variety of surface morphologies. Fibers 
exhibit an average diameter of ~570 nm, and a density below 1x10
3 
fibers per mm for solutions 
at 12% polymer/solvent (Figure 3-1f). Finally in case of MEK beads and surface discontinuity 
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can be strongly reduced but the resulting fibers are still in the form of isolated strands (1x 10
2 
fibers per mm) with an average diameter of 590 nm even after 1 hr of continuous spinning 
(Figure 3-1g). 
 
3.3 Results and Discussion  
3.3.1 Free-Standing Arrays of Aligned Nanofibers 
The optimal fiber spinning process occurs with a potential of 30 kV between a nozzle tip 
with inner diameter of 200 µm, fed by a syringe pump at a flow-rate of 1 ml/hr, and a collector at 
a distance of 6 cm. See Figure 3-7a. A unique feature of this setup is a collector disk with sub-cm 
width that rotates at angular speeds as high as 4,000 r.p.m, corresponding to linear speeds > 16 
m/s at the collector surface. The consequence of this arrangement is that it forces overlapping 
fibers, which yields mesoscopic joints and significantly enhanced mechanical robustness. Using 
a high boiling point (that is, slowly evaporating) solvent such as DMF (Tb: 154°C) helps to 
ensure the formation of such joints as shown in Figure 3-8. Joint lengths range from hundreds of 
nanometers to tens of micrometers. In most of cases, fibers are arranged in groups where mutual 
adhesion through formation of these joints takes place (Figure 3-8a,b). Occasionally, joined 
fibers remain strictly parallel, twist or cross at certain angles with respect to each other (Figure 3-
8 c-e). The present set-up enables fiber arrays with widths of 0.8 cm, lengths of 25 cm and 
thicknesses of 10-40 m, depending on the spinning time duration (Figure 3-7b,c). The average 
fiber diameter for materials studied here is 260 nm, with a distribution that appears in Figure 3-
7d. The arrays have densities of ~2×10
7
 fibers per mm
2
 of cross-sectional area, and an overall 
porosity of 65%. The alignment is uniform over many centimeters (Figure 3-7e and 3-9). Fast 
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Fourier transforms (FFTs) [28] of scanning electron micrographs yield quantitative information 
on the degree of alignment, as shown in Figure 3-7f.  In the following, conventional, randomly 
oriented fiber mats, produced by spinning onto a static collector, and spin-cast thin films provide 
points of comparison.  
X-ray photoelectron spectroscopy (XPS) indicates a ratio of co-polymers P(VDF:TrFe)  of 
0.73:0.27, in agreement with the ratio before electrospinning (Figure 3-10). P(VDF-TrFe) 
generally exhibits good piezo- and ferro-electric behaviour and a single all-trans polar crystalline 
phase (-phase) that is stable at room temperature [29]. The ferroelectricity stems from electrical 
dipoles created by hydrogen and fluorine atoms in the VDF molecules, which are positioned 
perpendicularly to the polymer backbone [30]. X-ray diffraction (XRD) patterns provide 
information on the long-range order and the crystal structure of both aligned arrays and random 
networks (Figure 3-11a,b). The results indicate that the overall crystallinity of the material in the 
aligned arrays is ~ 48%, while that for the random mats is 40%. The former value is, in fact, 
comparable to that of the best previous results produced in thin films by stretching [31]. A 
distinguishing feature of the fiber arrays is that the rotating collector significantly enhances the 
fraction of the polar –phase, as is shown in the X-ray results of Figure 3-11a,b and in the 
polarized Fourier transform infrared (FTIR) spectra of Figure 3-11c,d. The polar –phase bands 
[32-34] appear distinctly at 508, 846, 1285, and 1431 cm
-1
. By contrast, the bands of the non-
polar –phase (532, 612, 765, 796, 854, 870, 970 cm-1) are not appreciable. The fraction of –
phase determined by analysis of these FTIR results [31] is close to 85%. Furthermore, the spectra 
show a significant increase in the intensity of bands associated with vibrations that depend on 
chain orientation (1,076 and 1,400 cm
-1
) [35]
 
for light polarized along the longitudinal axis of the 
fiber (blue line in Figure 3-11d), and a corresponding reduction in the intensity of bands sensitive 
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to dipolar orientation (508, 846, 1,285, and 1,431 cm
-1
). These results suggest a preferential 
alignment of the main molecular chains along the fiber longitudinal axis and, at the same time, 
an enhancement of the orientation of piezoelectric active dipoles (C-F) in the direction 
perpendicular to this axis. This finding is consistent with a preferential dipolar alignment along 
the direction of the electrospinning field during fiber collection (Figure 3-7a). FTIR spectra 
collected under different polarization conditions highlight an exceptional level of alignment, 
even compared with previous experiments using rotating collectors [26], for which the fibers 
exist in moderately aligned mats. For instance, the ratio of intensities of absorption bands at 846 
cm
-1
 and 1,285 cm
-1 
 [35],
 
which are indicative of the symmetric stretching vibration of the 
piezoactive (C-F) dipoles, under different polarizations are 2 and 2.6 respectively, about two 
times higher than corresponding ratios in previous reports  [26]. This result is attributable to the 
combined effects of four-fold higher rotational speed (namely, 2.3-times higher linear speed) of 
our collector, which causes tighter mutual alignment of nanofibers and concomitantly stronger 
stretching, and to excellent fiber alignment. We note that such polarization effects are not 
observed in free-standing P(VDF-TrFe) films (Figure 3-12c), where preferential chain alignment 
is not expected, and in random mats, mainly because of the random alignment of fibers (Figure 
3-12d)  (We note that the mats showed higher degree of crystallinity compared with the films 
(40% versus 35%), consistent with expected effects of electrospinning.)  
 
3.3.2 X-ray Photoelectron Spectra (XPS) 
XPS is a quantitative spectroscopic technique that was used to calculate copolymerization 
ratio of PVDF-TrFE fiber array. XPS spectra were collected using a Kratos Axis ULTRA X-ray 
photoelectron spectrometer with monochromatic Al Kα excitation, 120 W (12kV, 10 mA). In 
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order to reduce the effects of surface charging, the monochromatic source was operated using a 
bias voltage of 100 V. Data were collected using the low magnification (FOV1) lens setting with 
a 2 mm aperture (200 μm analysis area) and charge neutralizer settings of 2.1 A filament current, 
2.1 V charge balance and 2 V filament bias. Survey spectra were collected at a pass energy of 
160 eV and high resolution spectra were collected using a pass energy of 40 eV. The data were 
fitted with Gaussian-Lorentzian line shapes. The binding energy scale was referenced to the 
aliphatic C 1s line at 285.0 eV.  
The copolymerization ratio was calculated by two different methods: 
1) using Atomic concentrations calculated by curve fitting  
Considering, the total % of Fluorine, % F = 16.03+36.73 = 52.76 and that of Carbon,  
% C = 2.39+17.22+6.43+20.44+0.77 = 47.25. 
The atomic ratio is 0 90.
C
F
                                                                                                        (i) 
By taking into account the molecular formula of PVDF,   xCFCH 22   and TrFE,  
  
)( x
CFCHF


12
, the atomic ratio can be represented as, 
xxx
xx
F
C





3
2
132
122
)(
)(
                                                                                                            (ii) 
Equaling (i) and (ii), 
xF
C


3
2
900.  
Therefore, the fraction of PVDF, x = 0.78 and the fraction of TrFe, 1-x = 0.22 
 
2) using peak area ratios calculated by using C1s curve fitting:  
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Characteristic Peak DOS (BE) Area % Normalized to 100% 
PVDF 286.7 36.45 72.81 
TrFE 289.0 13.61 27.17 
 The fraction of  PVDF equals to 0.73, while the fraction of TrFe is 0.27 
From the XPS spectra, the stoichiometric ratio (in atomic percent) of two elements, C and F, 
in the P(VDF–TrFE) film is determined. Co-polymerization ratio of PVDF:TrFE (0.73:0.27) 
from XPS results shows excellent agreement with actual co-polymer ratio of commercial 
PVDF:TrFE (0.75:0.25). 
 
3.3.3 Experimental and Theoretical Studies of Piezoelectric Sensor 
These characteristics make fiber arrays promising as building blocks for ultrasensitive 
piezoelectric sensors. Devices, formed simply by establishing electrical contacts to the ends of a 
ribbon-shaped sample of fiber arrays on a flexible polyimide (PI) support (Kapton; thickness 
selected between 75 and 225 µm), reveal large response to even min applied pressures (Figure 3-
6). To evaluate the sensitivity quantitatively, a soft elastomer (PDMS posts in Figure 3-6a) 
delivered well-defined levels of pressure to the arrays, while the electrical response was 
measured. Data in Figure 3-6c highlight well-behaved, linear variations in the output voltage 
with pressure, for various values of the effective contact areas between 9 and 36 mm
2
 (squares 
with sides Leff ; Figure 3-6b), with slopes between 0.41 and 0.79 mV/Pa. At ranges of pressure 
between 0.4 and 2 kPa, the devices show further improved sensitivity, that is, 1.1 V/kPa. For a 
given pressure (10 Pa, Leff = 3 mm), the output voltage does not change significantly with length 
of the fiber array, over a range between 2 and 8 cm). Even without sensitive voltmeters, this level 
of response enables accurate measurement of compressive pressures as small as 0.1 Pa (Figure 3-
6d). These response slopes, which provide a measure of sensitivity that is independent of data 
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acquisition systems, together with the observed broad dynamic range, provide unique operation 
compared with that provided by other sensors based on capacitive (0.55 kPa
-1
 in units of relative 
capacitance, in a range of 0.5-2 kPa) [15] and piezoelectric (0.1 mV/Pa, in a range of 0.01-30 Pa) 
[18] effects, as well as most force and tactile sensing methods that are currently available for in-
hand manipulation in robotics [36]. 
The observed behaviors can be well explained by an analytic piezoelectric model. Consider a 
resultant projected component of piezoactive dipoles along the longitudinal axis of the fibers, x3, 
as induced by the deformation (Figure 3-6b). The fiber array are transversely isotropic with 
elastic, piezoelectric, and dielectric constants cij, eij, and kij [37], respectively. For an applied 
compression -p along the x1 direction (normal to fibers, Figure 3-6a) over an effective contact 
length Leff (Figure 3-6a), the strain 11  and electric field E3 along the poling direction are 
obtained from the constitutive relation 11 11 31 3p c e E    and 3 31 11 33 3D e k E  , where D3 is 
the electric displacement along the poling direction. When the fiber arrays connected to a 
voltmeter, E3 and D3 are related to the measured voltage V and current I by V = Leff E3 and 
3PVDF PVDFI h w D  , where hPVDF-TrFe = 20 µm and wPVDF-TrFe = 8 mm are the thickness and 
width of the fiber array cross section, respectively. The voltage and current are then related by 
the resistance of the voltmeter, such that the voltage across Leff is 
     
eff
d
V L p
k

,                 (1) 
where 
31 11d e c  and 
2
33 31 11k k e c  . For 0.14 V m Nd k   , Eq. (1) agrees well with the 
experimental results shown in Figure 3-6b for a wide range of pressures p and the three effective 
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contact lengths Leff = 3, 4.5 and 6 mm used in the experiments. The value of d k   reaches or 
exceeds those achieved in films with extreme stretching and poling (for example, ~ 0.045-0.094 
V·m/N
 
 [38]).  Eq. (1) also suggests that the voltage is independent of the total length LPVDF-TrFe 
(Figure 3-6e) of the P(VDF-TrFe) fiber arrays, which is also consistent with experimental results 
of Figure 3-6c.  
Additional behaviours were observed in dynamic bending experiments performed using 
fiberarrays on PI films with thicknesses between 75 and 225 µm. A flexural endurance tester 
(IPC, CK-700FET) subjected the samples to cycling bending tests at 1 Hz (Figure 3-13c,e) and 2 
Hz (Figure 3-13d,f). During compression, the sample buckled to generate a bent shape (Figure 3-
13b), with curvature consistent with simple mechanics considerations. The measurements 
showed a periodic alternation of positive and negative output peaks, corresponding to the 
application and release of the buckling stress, respectively (Figure 3-13b). The ranges of short-
circuit current and voltage outputs were 6-40 nA and 0.5-1.5 V, respectively. Both responses 
increased with increasing PI thickness and with increasing bending frequency. The maximum 
current (40 nA) and voltage (1.5 V) were observed from fiber arrays on 225 µm thick PI 
substrates at 2 Hz. Tests of up to 1000 cycles of bending and relaxing revealed no significant 
changes in output voltage or current. 
As with applied pressure, simple analytical models can account for the behaviours under 
bending. Under compression the PI substrate of length LPI buckles into a sinusoidal form 
represented by the out-of-plane displacement  31 cos 2 2PIw A x L    , where the origin of 
coordinate x3 is at the center of the substrate, and the amplitude A is related to compression L  
of the substrate by  2 PIA L L   [39]. Here, the critical compression to trigger buckling, 
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~1 µm for 150 µm-thick and 6 cm-long PI substrate, is negligible as compared to 3cmL   in 
the experiments. The strain along the poling direction x3 at the mid-plane of the fiber arrays is 
given by  33 2PI PVDF TrFew h h    , where hPI and hPVDF-TrFe are the thicknesses of PI 
substrate and P(VDF-TrFe) fiber arrays, respectively. Its strain 
11  along x1 and electric field E3 
along the poling direction are obtained from the constitutive relation 11 11 13 33 31 30 c c e E     
and 3 31 11 33 33 33 3D e e k E    , where D3 is the electric displacement along the poling direction, 
and is a constant to be determined. For short-circuit current measurement between two ends of 
the P(VDF-TrFe) fiber arrays, the voltage across the length of P(VDF-TrFe) LPVDF-TrFe is zero, 
which, together with the above equations, gives
   3 2 sinPI PI PVDF TrFe PVDF TrFe PVDF TrFe PID e L L h h L L L       , where  33 13 11 31e e c c e   
is the effective piezoelectric constant. The current I is then obtained from
3PVDF TrFe PVDF TrFeI h w D   , where wPVDF-TrFe is the width of PVDF-TrFe fiber arrays (such that 
hPVDF-TrFewPVDF-TrFe is the cross section area). For a representative compression 
 
2
max 01 cos 2 4L L t t       with the maximum compression max
3 cmL   and period t0 = 0.5 
and 1 s as in experiments, the maximum current is given by  
 
  max
max
0
2 sin
PI PVDF TrFe PVDFTrFe PVDF TrFe PVDF TrFe
PVDF TrFe PI PI
h h h w L L
I e
L t L L

   

  
   
  .      (2) 
For LPVDF-TrFe = 2.5 cm and three thicknesses of PI substrate hPI = 75, 150 and 225 µm as in 
experiments, Eq. (2) gives the range of Imax ~14-27 nA for t0 = 0.5 s and 5.6-14 nA for t0 = 1 s, 
while experiments give 10-33 nA and 6.5-26 nA for t0 = 0.5 and 1 s, respectively. Here, the 
effective piezoelectric constant for the fiber arrays is taken as 22.1C me   , which is larger 
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than that for films (~ -0.4 C/m
2
) [37] because of the strong anisotropy of arrays due to their 
fibrous structure. 
For voltages measurements, V is no longer zero. The electric displacement becomes   
     3 2 sinPI PI PVDF TrFe PVDF PVDF TrFe PI PVDF TrFeD e L L h h L L L k L V        . The current 
3PVDF TrFe PVDF TrFeI h w D    is also related to the voltage V and the resistance R of the voltmeter by I 
= V/R, which gives
3PVDF TrFe PVDF TrFeV R h w D   , or equivalently 
 2 sinPVDF TrFe PI PVDF TrFe PVDF TrFe
PVDF TrFe PVDF TrFe PI PI
L h h LdV d L
V e
dt kRh w k L dt L
   
 
 
    
  . (3) 
For  
2
max 01 cos 2 4L L t t       and the initial condition  0 0V t   , the maximum 
voltage is given by 
 
 
  max
max
0
2 sin
PI PVDF TrFe PVDF TrFe PVDF TrFe PVDF TrFe
PVDF TrFe PI PI
h h h w L LR
V e
t L L L

    

   
   
   (4) 
For three thicknesses of PI substrate hPI =75, 150 and 225 µm as in experiments and a 
resistance of the voltmeter R = 70 M, consistent with values resulting from independent 
resistance measurements, Eq. (4) gives a range of Vmax 0.81-2.1 V for T = 0.5 s and 0.29-0.85 V 
for t0 = 1 s, while experiments give 0.79-1.3 V and 0.49-1.0 V for t0 = 0.5 and 1 s, respectively.  
 
3.3.4 Piezoelectric Analysis of PVDF-TrFe Fiber Arrays Under Compression 
The constitutive model of piezoelectric materials gives the relations among the stress ij , 
strain ij , electric field Ei and electric displacement Di as  
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Consider a uniaxial compression applied along the x1 direction (normal to fibers, Figure 3-11a) 
instantaneously at time t = 0, i.e.,  11 pH t   , where H is the Heavyside step function 
 
0 0
1 0
for t
H t
for t

 

 . For 
22 33 0    because the P(VDF-TrFE) fiber arrays (elastic 
modulus ~ 200 MPa) are bonded to the much thicker and stiffer plastic substrate (elastic modulus 
2.5 GPa), Eqs. (5) and (6) give   11 11 31 3pH t c e E    and 3 31 11 33 3D e k E  , respectively, 
where D3 is the electric displacement along the poling direction, and the electric field 3E  is 
related to the voltage V and effective contact length Leff by 
3 effE V L . Elimination of 11  from 
these two equations yields the electric displacement    3 effD dpH t kV L   , where 
31 11d e c  and 
2
33 31 11k k e c  . The voltage V and current 3PVDF TrFe PVDF TrFeI h w D    are also 
related by the resistance R of the voltmeter, V = IR. These yield the coupling equation of the 
voltage  
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 eff eff
PVDF TrFe PVDF TrFe
L dLdV
V t
dt kh w R k

 
  ,    (7) 
where  t  is the delta function. For the initial condition  0 0V t   , the solution of Eq. (7) 
is    expeff eff PVDF TrFe PVDF TrFeV dL k p L t kRh w     . The maximum value is given in Eq. (1). 
 
3.3.5 Piezoelectric Analysis of PVDF-TrFe Fiber Arrays Under Bending 
3.3.5.1 Mechanics Analysis 
For the out-of-plane displacement  31 cos 2 2PIw A x L     in plane-strain analysis 
(
22 0  ), the bending energy in flexible polymide support (PI) is    
2
2EI w ds , where w  
and EI are the curvature and plane-strain bending stiffness of PI substrate, respectively, and the 
integration is over the length of PI substrate. The membrane energy can be obtained following 
the same approach of Song et al [39]. Minimization of total energy (sum of bending and 
membrane energies) gives the amplitude A as  
2 22 2
3
PI
PI PI
t
A L L L L

 
     ,    (8) 
where the last approximation holds when the compression of PI substrate PIPI
/LtΔL 2  as in the 
experiment. The strain in the fiber arrays is obtained from the curvature and the distance between 
the mid-planes of PI substrate and fiber arrays as 
 2 3
33 2
2
cos
PI PVDF TrFe
PI PI
h h A x
L L
 
 
  
  
 
.   (9) 
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The pure bending of PI substrate, together with the traction-free condition on the surface of 
the fiber arrays, gives 11 0   in the fiber arrays. Its substitution into Eq. (5) yields
   11 13 11 33 31 11 3c c e c E    . The electric field E3 is then obtained from Eq. (6) as 
3 33 3
1e
E D
k k
   ,     (10) 
where the electric displacement D3 is spatially invariant (established from the charge equation 
3 3 0dD dx  ) and is to be determined. 
 
 
3.3.5.2 Current 
The voltage across the length of the fiber arrays LPVD-TreF is zero, 
2
3 3
2
0
PVDF TrFe
PVDF TrFe
L
L
E dx


 , after the 
fiber arrays is connected to an ampere meter. Together with Eqs. (9) and (10), it gives the electric 
displacement 
  
 
 
3
2
sin
PI PVDF TrFe PVDF TrFe
PVDF TrFe PI PI
e h h LL
D
L L L
 

  
  
 
.    (11) 
The electric charge is the product of -D3 and the cross section area hPVDF-TrFewPVDF-TrFe of the 
fiber arrays. Its rate of change gives the current 
 
sin
PI PVDF TrFe PVDF TrFe PVDF TrFe PVDF TrFe
PIPVDF TrFe PI
e h h h w Ld L
I
dt LL L L
   

  
   
  
.   (12) 
For the representative L , the maximum current in Eq. (2) is obtained. 
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3.3.5.3 Voltage 
Let V denote the voltage across the length of the fiber arrays LPVDF-TrFe after the fiber arrays 
is connected to a voltmeter. This requires 
2
3 3
2
PVDF TrFe
PVDF TrFe
L
L
E dx V


 , which, together with Eqs. (9) 
and (10), gives the electric displacement 
 
3
2
sin
PI PVDF TrFe PVDF TrFe
PVDF TrFe PI PI PVDF TrFe
e h h LL k
D V
L L L L
 
 
  
  
 
.  (13) 
Similar to Section 3.3.5.2, the rate of change of Eq. (13) gives the current 
 
sin
PI PVDF PVDF TrFe PVDF TrFe PVDF TrFe PVDF TrFe PVDF TrFe
PI PVDF TrFePVDF TrFe PI
e h h h w L kh wd L dV
I
dt L L dtL L L
    

  
   
  
. (14) 
Its relation with the resistance R of the voltmeter leads to Eq. (3) and the maximum voltage in Eq. 
(4). 
 
3.3.6 Pyroelectric Response 
The pyroelectric response in these systems was also studied by measuring the current and 
voltage output upon heating/cooling cycles with a temperature range of 6 K around room 
temperature (Figure 3-14) [40-42].
 
The measured pyroelectric coefficient [41]
 
for the fiber arrays 
was  268μC m K   (Figure 3-15). For a constant heating/cooling rate 2.5 K/min (Figure 3-
16), the maximum voltage measured from the voltmeter was 1.9 µV (Figure 3-16) when the fiber 
arrays were in contact with the top of the heater (Figure 3-14b). The maximum voltage obtained 
from an analytic pyroelectric model is 
  
PVDF TrFe PVDF TrFe
dT
V Rh w
dt
   
,    (15) 
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which was also given by Lubormisky et al [41]. Eq. (15) gives 1.81 µV for dT/dt = 2.5 K/min 
and  , R, PVDF TrFeh   and PVDF TrFew   in the experiments. This value is in good agreement with 
the measured value, 1.9 µV. For the same set of parameters, Eq. (15) indicates that, at heating 
rates of ~6.5 K/min, the pyroelectric voltage is only 5.6% of the piezoelectric voltage (0.084 
mV) at the lower end of the range of pressure sensitivity (0.1 Pa, 0.14 V m Nd k    and Leff = 6 
mm in Eq. (1) for the type of tests reported here). We note, however, that for most envisioned 
applications such as measurements of sound waves, pressure waves in arteries, mechanical 
vibrations, disturbances associated with breathing, motion in limbs and so on the timescales for 
mechanically induced change are, in many cases, different than those associated with 
characteristic thermal processes. Furthermore, in bio-integrated applications, the operating 
temperature range is narrow (<3 K), and the extent of mechanical deformation (in many cases) is 
large. Such circumstances enable any necessary separation of mechanical and thermal signals by 
frequency filtering as part of backend data processing, with no change in the devices.  
 
3.3.7 Pyroelectric Measurements 
Pyroelectric effects were investigated by measuring both the current and voltage output of a 
nanofiber array device using the continuous heating/cooling method at zero dc voltage and at a 
constant heating/cooling rate between 1 to 6 K/min. A small stage (All Electronics Corp.; 40x44 
mm, which closely matches the lengths of the fibers) was used to investigate effects of 
temperature on just the fiber region of the device as shown in Figure 3-14a. We also used a 
slightly larger stage (Monster; 62x62 mm) as shown in Figure 3-14b to examine the effects of 
temperature on the entire device, including the electrode contacts. The heating rates and 
temperature ranges correspond, roughly, to those in references [40-42]. Figure 3-14 provides a 
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schematic illustration of the setups. Throughout the experiments, the sample temperature was 
measured with a NiAl thermocouple and a Model HH21 Omega microprocessor thermometer.  
The pyroelectric coefficient can be measured by the Lang-Steckel method [41]. The governing 
equation for the pyroelectric effect is  
3 33 3D T k E  ,     (16) 
where   is the pyroelectric coefficient, and T is the change of the temperature. For current 
measurements using an ammeter, the voltage across the fiber length, and therefore the electric 
field 3E , are zero such that 3D T . The rate of the change in temperature creates a current 
given by   PVDF TrFe PVDF TrFeI t h w dT dt    , which can be used to measure the pyroelectric 
coefficient as 
 
PVDF TrFe PVDF TrFe
I t
h w dT dt

 
  .   (17) 
For the measurement results in Figure 3-15     10.9I t dT dt pC K , and hPVDF-TrFe = 20 
µm and wPVDF-TrFe = 8 mm, Eq. (17) gives the pyroelectric coefficient as  = -68 µC/(m
2
K), 
which is in the same range as values reported for thin films of PVDF-TrFe films (-20 µC/m
2
K) 
[42]. At a constant heating rate of 2.5 K/min, the pyroelectric signals follow the derivative of the 
temperature, with maximum voltages of 1.9 mV and 1.3 mV when contacts are on top of and 
outside of the heater, respectively. The responses are symmetrical with respect to heating and 
cooling, as expected. The magnitudes of these voltages are nearly 50 times smaller than the 
smallest piezovoltages reported in the manuscript (i.e., those that result from tests at 0.1 Pa). The 
corresponding pyroelectric analysis is reported in the following section.  
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3.3.8 Pyroelectric analysis 
For voltage measurement of the fiber arrays via a voltmeter, Eq. (16) still holds. The electric 
field 3E  and electric displacement D3 are related to the voltage V and current I by 
3 PVDF TrFeE V L   and 3PVDF TrFe PVDF TrFeI h w D   , respectively, where PVDF TrFeL   is the length of 
fiber arrays and 
PVDF TrFe PVDF TrFeh w   is the cross section area. The voltage V and current I are also 
related by the resistance R of the voltmeter, V = IR.  These give the equation for V as 
                                             
33 33
PVDF TrFe PVDF TrFe
PVDF TrFe PVDF TrFe
L LdV dT
V
dt k Rh w k dt
 
 
   .                  (18) 
For the initial condition  0 0V t   , the above equation has the solution 
                                               
 
33
33 0
PVDF TrFe
PVDF TrFe PVDF TrFe
Lt t
k Rh wPVDF TrFeL dTV e d
k d




 

   .                           (19) 
For LPVDF-TrFe = 40 mm, thickness hPVDF = 20 µm, width wPVDF-TrFe = 8 mm, and the measured 
pyroelectric coefficient 68     2μC m K  and resistance of the voltmeter R = 4 M in 
experiments, the maximum voltage is 1.81 μV  for the measured temperature T(t) in Figure 3-16 
and the dielectric constant k33 = 5.31*10
-11
 F/m [38]. In fact, for the normalized time
 33 1PVDF TrFeL t Sk R , Eq. (19) can be simplified to Eq. (15), which also gives the maximum 
voltage 1.81 V, and agrees well with maximum voltage of 1.9 V when the PVDF-TrFe fiber 
arrays are in contact with the top of the heater.  
It should be pointed out that different voltmeters were used for pyroelectric and piezoelectric 
measurements, with resistance of the voltmeter R = 4 M and 70 M, respectively due to 
different sensing range of voltmeters. Even for R = 70 M and heating rate 6.5 K/min, the 
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pyroelectric voltage is still smaller than the piezoelectric voltage even at the lower end of the 
range of pressure sensitivity (0.1  Pa, in the type of tests reported here). 
 
3.3.9 Comparison between PVDF-TrFe and PVDF Fibers 
For purposes of comparison, PVDF fibers were formed with the same experimental 
conditions used for PVDF-TrFe. In particular, PVDF (Sigma Aldrich) was dissolved in a 3:2 
volume ratio of dimethylformamide/acetone at a polymer/solvent concentration of 21% w/w. A 
potential of 30 kV was applied between a nozzle tip with inner diameter of 200 µm, fed by a 
syringe pump at a flow rate of 1 mL/hr, and a collector at a distance of 6 cm. The collector disk 
rotated at angular speed of 4000 r.p.m, corresponding to linear speeds > 16 m/s at the collector 
surface. The fibers were collected on aluminium strips with widths of 0.8 cm and lengths of 25 
cm. The morphological, crystallographic and mechanical properties of PVDF fibers were 
measured and compared with those of PVDF-TrFe. The most immediate, striking difference 
from PVDF-TrFe was that the PVDF fibers were not sufficiently robust to exist as stable, free-
standing films. In nearly all cases the process of detaching the PVDF fibers from the aluminium 
foil mechanically destroyed the samples by fracture and tearing. Furthermore, we found that 
PVDF fibers are poorly aligned (Figure 3-2a). 2D FFT analysis indicates that the full width at 
half maximum of the radial intensity distribution of the elliptical profile is 51°, which is more 
than three times larger than that of the PVDF-TrFe arrays (Figure 3-2b). Although the average 
fiber diameters (250 nm) and the corresponding distribution of diameters are comparable (Figure 
3-2c), the surfaces of the PVDF fibers are rough, with protrusions that have characteristic 
dimensions of ~100 nm (Inset of Figure 3-3a). X-ray diffraction (XRD) patterns indicate that 
PVDF fibers exhibit 24% crystallinity, which is two times lower than that of PVDF-TrFe fibers 
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(Figure 3-3a) and the non-polar α (612, 762, 976 cm-1) and γ (1234 cm-1) phases are here clearly 
distinguishable by FTIR (Figure 3-3 c and d). The mechanical properties were investigated using 
dynamic mechanical analysis (DMA Q800, TA Instruments, New Castle, DE), in tensile mode at 
constant temperature (25°C). At least three different fibrous specimens for each polymer were 
tested. Specimen dimensions were approximately 8.0 x 12.0 mm (width x length) with 
thicknesses between 20 and 40 µm. The stress-strain curves were recorded with a ramp/rate of 
0.5 N/min (up to 18 N). Typical stress-strain curves of PVDF and PVDF-TrFe fibers are reported 
in Figure 3-3b. The measured Young Modulus is 168 ± 8 MPa for PVDF-TrFe and 86 ± 11 MPa 
for PDVF fibers respectively. The maximum elongation of PVDF-TrFE fibers is ~100% 
(corresponding to a tensile strength of about 40 MPa) while that of PVDF fibers is ~32% 
(corresponding to a tensile strength of about 5 MPa). These results clearly indicate that PVDF-
TrFe fibers exhibit superior mechanical properties compared to PVDF fibers. Such differences 
are critically important to use in the classes of devices described in our manuscript. In addition, 
the formation of inter-fibers joints or adhesion points further increase both the tensile strength 
and the elongation path [43]. 
 
3.3.10 Additional sensory application 
As demonstrators, we built devices capable of measuring vibration/acceleration and 
orientation. For the first, the fiber array serves as a diaphragm across a hole opened in an 
underlying plastic film, sealed over the closed cavity of a transparent box (Figure 3-17a). 
Through the plastic film, movements are transmitted from the box frame to the array, which then 
operates as a vibrating mass of ~3 mg. Figure 3-17b displays the output voltage signal generated 
by this simple device, as response to environmental vibrations induced by sound pressure levels 
of 60-80 dB.  The response included periodically alternating positive and negative voltage peaks, 
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with a peak-to-peak output voltage that increases from 6-14 µV with sound intensity. These 
devices work in any orientation and can be mounted on any surface by means of transparent, 
skin-conformal plastic sheets (Figure 3-17c,d). In a second example, a similar type of device, 
integrated on a solid support and with an attached test mass, acts as an orientation sensor. 
Measurements on an inclined plane with variable angle, as sketched in the inset of Figure 3-17e, 
allow calibration of the response. Figure 3-17e shows the output voltage collected at different 
inclinations, which yields a response that is consistent with a gravitation constant, g = 9.8 m/s
2
 
[44]. 
 
 
3.4 Conclusion 
Results presented here indicate that aligned P(VDF-TrFe) nanofibers can be formed into 
flexible, free-standing sheets, by use of electrospinning onto a fast rotating collector. The process 
yields alignment at both the level of the fibers and the polymers, thereby enabling excellent 
response and high piezoactive -fraction without further processing (for example, electrical 
poling). Combining experimental and theoretical approaches, both details of the material and 
device performances are presented under different operating conditions. Simple pressure sensors 
exhibit excellent response in the extremely small pressure regime. Other simple devices can be 
constructed easily, including accelerometers, vibrometers and orientational sensors. The 
collective results suggest utility in a variety of sensor and energy harvesting components, with 
lightweight construction, attractive mechanical properties and potential for implementation over 
large areas at low cost, with application opportunities in human motion monitoring and robotics.   
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3.6 Figures 
 
 
Figure 3-1. Electrospinning experiments with low boiling solvents. Photographs of needle 
clogging during electrospinning of PVDF-TrFe dissolved in (a) Acetone, (b) THF and (c) MEK 
at a polymer/solvent concentration of 21% (w/w). Scale bar: 1 cm. (d) SEM micrograph of 
PVDF-TrFe fibers electrospun from a MEK solution (21%, 1/1) prior to needle clogging. Arrows 
indicate an example of strong diameter variation along the fiber length. Scale bar: 10 µm. Inset: 
magnified view of a single fiber to reveal the level of surface porosity. Scale bar: 1 µm. (e) SEM 
micrograph of PVDF-TrFe fibers made by using ACE (12%, w/w). Scale bar: 10 μm. Inset: 
photograph of needle clogged after 15 min of electrospinning. (f) SEM micrograph of PVDF-
TrFe fibers made by using THF (12%, w/w). Scale bar: 10 μm. (g) SEM micrograph of PVDF-
TrFe fibers made by using MEK (17%, w/w). Scale bar: 100 μm. Inset: Magnified SEM 
micrograph of the same sample. Scale bar: 40 μm.  
a
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e f g
83 
 
 
Figure 3-2. Aligned array of PVDF nanofibers. (a) SEM micrographs of PVDF fibers 
electrospun using the same experimental conditions as those for PVDF-TrFe. Scale bar: 10 μm. 
Inset: magnified view of the region indicated by a dashed square. Scale bar: 1 μm. (b) Radial 
intensity distribution vs detection angle (0-180°) for aligned arrays of PVDF fibers. The full 
width at half maximum is 51°. Inset: 2D FFT image. (c) Typical PVDF fiber diameter 
distribution and fit to a Gaussian shape (solid line). 
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Figure 3-3. Characterization of aligned arrays of PVDF nanofibers. (a) X-ray diffraction patterns 
(XRD; Cu radiation with wavelength = 0.15418 nm) from aligned fibers of PVDF (red line) and 
PVDF-TrFE (blue line). The data are vertically shifted to facilitate comparison. (b)Typical 
stress-strain curves measured from aligned arrays of fibers of PVDF (red line) and PVDF-TrFe 
(blue line). (c) FTIR spectra of PVDF (red line) and PVDF-TrFe (blue line) aligned fibers. (d) 
Magnified view of the high energy region of the FTIR spectra, highlighting non-polar α bands at 
612 and 762 cm
-1
. 
  
g


 
550800 1000 1200 1400
Wavenumber (cm-1)
T
ra
n
s
m
is
s
io
n
 (
a
rb
.u
n
)
600 650 700 750 800600
Wavenumber (cm-1)
T
ra
n
s
m
is
s
io
n
 (
a
rb
.u
n
)
0 20 40 60 80 100
Strain (%)
S
tr
e
s
s
 (
M
P
a
)
0
20
40
a b
dc
In
te
n
s
it
y
(a
rb
. 
u
n
.)
20 40 60 80
2Q ( )
Crystallinity 
PVDF fibers: 24%
PVDF-TrFe fibers: 48%
85 
 
 
Figure 3-4. Diagram of X-ray diffraction instrument. X-ray analysis was carried out by 
performing 2θ/ω scans, where ω is the angle of incidence of X-ray beam relative to the sample 
surface and 2θ is the diffraction angle. The diffraction plane is defined by the incident and 
diffracted directions of the X-ray beams. Measurements performed at azimuthal rotation φ = 0 
where the fibers length parallel to the diffraction plane. Γ indicate the tilt angle. 
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Figure 3-5. Current and voltage measurements with reversed connections. Short-circuit current 
and open circuit voltage measurements output of a typical nanofiber array device with forward 
(cyane blue line) and reversed (red wine line) connection to the measurement system. 
Connections showed reversal in signal polarity as expected. 
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Figure 3-6. Experimental and theoretical studies of responses of pressure sensors. (a) 
Photograph of the manipulator used to apply pressures, for the purpose of studying the voltage 
response. (b) Schematic illustration of an analytical model for the response of arrays of P(VDF-
TrFe) fibers under applied compression -p along x1 direction over the effective contact length 
(Leff). LPVDF-TrFe is the total length of the P(VDF-TrFe) fiber array. (c) Experimental (symbols) 
and theoretical (lines) pressure response curves at different Leff. (d) Experimental (symbols) 
pressure response curve in the low-pressure regime (0.1–1 Pa) at Leff = 6 mm. The line 
corresponds to a linear fit. (e) Experimental (symbols) and theoretical (lines) response at 
different LPVDF-TrFe  (applied pressure = 10 Pa, Leff  = 3 mm). 
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Figure 3-7. Arrays of highly aligned piezoelectric nanofibers of poly(vinylidenefluoride-co-
trifluoroethylene). (a) Schematic illustration of the experimental setup for electrospinning highly 
aligned arrays of oriented nanofibers of aligned polymer chains of poly(vinylidenefluoride-
cotrifluoroethylene).  ?⃗?  indicates the direction of the electric field and DV is the applied bias. (b) 
Photograph of a free-standing film of highly aligned piezoelectric fibers. Scale bar: 1 cm. (c) 
SEM micrograph of fiber arrays intentionally folded many times to highlight flexibility and 
mechanical robustness (scale bar: 400 µm). (d) Typical fiber diameter distribution and fit by a 
Gaussian curve (solid line). (e) SEM micrograph of fiber arrays (scale bar: 10 mm). (f) Radial 
intensity distribution versus detection angle (0–180º) for aligned arrays (wine line peak) and 
random mats (red line at bottom) of fibers. Insets: two-dimensional FFT images generated from 
aligned (left inset) and randomly oriented (right inset) fibers. In random mats, a highly 
symmetric, circular distribution of the pixel intensity confirms the un-oriented arrangement of 
fibers and correspondingly, a featureless behaviour of the radial pixel intensity versus angle. This 
distribution in fact, indicates that the frequency at which specific pixel intensities occurs in the 
corresponding data image is identical in any direction and no peaks can be appreciated by 
plotting the sum of the pixel intensity as a function of the degree in the interval 0º–360º. On the 
contrary, aligned fibers generate a highly anisotropic, elliptical two-dimensional FFT profile 
with the major axis oriented parallel to alignment axis. Full-width at half maximum of the radial 
intensity distribution = 16º. 
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Figure 3-8. Mesoscopic inter-fiber joints. (a) SEM micrographs of fibers highlighting points of 
merging (joints) between two or more adjacent fibers and (b) their typical arrangement in groups 
where strong merging takes place (arrows indicate examples of joints in the micrographs. Scale 
bars: 3 and 2 µm, respectively). Magnification of crossed (c; scale bar: 1 µm), adjacent (d; scale 
bar: 1 µm) and twisted (e; scale bar: 500 nm) fiber geometries at the joints.  
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Figure 3-9. High dense nanofibers array. Prototypal SEM micrograph of high dense PVDF-TrFe 
nanofibers array. Scale bar: 10 µm. 
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Figure 3-10. XPS on nanofibers array. XPS plot of PVDF-TrFe nanofibers array collected using 
a Kratos Axis ULTRA X-ray photoelectron spectrometer with monochromatic Al Kα excitation, 
120 W (12 kV, 10 mA). 
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Figure 3-11. Characterization of morphologies and properties of arrays. (a) XRD patterns (Cu 
radiation with wavelength = 0.15418 nm) from aligned fibers (top blue line), randomly oriented 
fibers (middle green line) and a film (bottom red line) collected with the fibers length oriented 
parallel to the diffraction plane (azimuthal rotation Φ = 0). The patterns are vertically shifted to 
facilitate comparison with the results. (b) Magnified view of XRD spectra at 2θ  20°, which 
corresponds to diffraction in (110) plane and represents the -phase. Although the peak is visible 
in all samples (aligned arrays of fibers (blue dots), random mats of fibers (green dots) and bare 
films (red dots), it is dominant in the aligned nanofibers arrays, where the contribution from the 
a-phase is insignificant. (c) FTIR spectra measured under different incident beam polarizations 
for aligned fibers. Light is polarized parallel (orange line) and perpendicular (blue line) to the 
direction of the electric field used in electrospinning. Similar spectra were measured at different 
values of the electric field. (d) Magnified view of the low energy region of the FTIR spectra, 
highlighting the increase of the intensity of transitions sensitive to chain orientation (1,400 cm
-1
) 
for light polarized along the axis of the fibers (blue line). 
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Figure 3-12. Nanofibers array characterization. (a) Schematics of chain conformation of P(VDF-
TrFe) crystal -phase in nanofibers array, according to FTIR and XRD analysis. The main 
molecular chains are preferentially aligned along the fiber longitudinal axis and the piezoelectric 
active dipoles (C-F) are perpendicular to the backbone direction. Bottom: SEM micrograph of a 
single P(VDF-TrFe) nanofiber. Scale bar: 250 nm (b) FTIR spectra of aligned fiber array, 
produced by different electric field during electrospinning (0.2-1 MV/m). FTIR spectra measured 
under two mutually orthogonal incident beam polarization direction for (c) films and (d) random 
fibers produced by 0.5 MV/m. 
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Figure 3-13. Experimental and theoretical studies of responses of flexural sensors. (a) Schematic 
illustration of an analytical model for the coupling of mechanical deformation and piezoelectric 
response during bending. hPVDF and hPI are the thicknesses of the P(VDF-TrFe) fiber array and of 
the PI substrate, respectively. LPI is the length of the PI substrate. Under compression, the PI 
substrate buckles into a sinusoidal form represented by the out-of-plane displacement w and the 
amplitude A, which is related to compression L of the substrate. (b) Measured voltage response 
of an array of P(VDF-TrFe) fibers under cycling bending at 1 Hz. The top and bottom insets 
show photographs of the device during bending and release, respectively. (c, d) Measured short- 
circuit output current and (e, f) voltage under dynamic bending tests at 1 Hz (left panels, c, e) 
and 2 Hz (right panels; d, f). Experiments used devices onto PI substrates with different 
thickness. From bottom to top, the PI thicknesses are 75 µm (red line), 150 µm (green line), 225 
µm (blue line). 
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Figure 3-14. Set-up used to measure pyroelectric signals. Schematic illustration of the setup used 
to measure the pyroelectric signal with contacts positioned (a) outside of and (b) on top of the 
Peltier stage. (c) Image of temperature evaluation during a typical pyroelectric measurement. 
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Figure 3-15. Pyroelectric current. Plot of the pyroelectric current as a function of rate of 
temperature change (dots) at a temperature of 20°C. The line corresponds to a linear fit. 
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Figure 3-16. Pyroelectric voltage. Plot of the heating/cooling ramp applied to a nanofiber array 
device (red line) and the corresponding voltage recorded with contacts on top of (blue line) and 
outside of (green line) the Peltier stage. 
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Figure 3-17. Accelerometer and orientation sensor. (a) Photograph of a simple, P(VDF-TrFe) 
nanofiber-based accelerometer. Scale bar: 1 cm. (b) Output voltage collected from this device 
exposed to 70 dB sound intensity. (c,d) Photographs of a flexible device mounted on the skin of 
the arm and wrapped around a finger. Scale bars: 2 cm. (e) Characterization of an orientation 
sensor, based on a pressure sensor with an attached test mass.  The output voltage changes with 
orientation angle, θ, in an expected manner. The inset provides a sketch of the device (yellow: 
PI; grey: fibers; blue: test mass) and the measurement geometry.    
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CHAPTER 4 
 
CONFORMAL PIEZOELECTRIC ENERGY HARVESTING AND STORAGE FROM 
MOTIONS OF THE HEART, LUNG, AND DIAPHRAGM  
 
4.1 Introduction 
Heart rate monitors, pacemakers, implantable cardioverter-defibrillators, and neural 
stimulators together represent a broad subset of bioelectronic devices that provide continuous 
diagnostics and therapy in this mode. Although advances in battery technology have led to 
substantial reductions in overall sizes and increases in storage capacities, operational lifetimes 
remain limited, rarely exceeding a few days for wearable devices and a few years for implants. 
Surgical procedures to replace the depleted batteries of implantable devices are thus essential, 
exposing patients to health risks, heightened morbidity, and even potential mortality. The health 
burden and costs are substantial, and thus motivate efforts to eliminate batteries altogether, or to 
extend their lifetimes in a significant way.  
Investigations into energy-harvesting strategies to replace batteries demonstrate several 
unusual ways to extract power from chemical, mechanical, electrical, and thermal processes in 
the human body [1, 2]. Examples include use of glucose oxidation [3], electric potentials of the 
inner ear [4], mechanical movements of limbs, and natural vibrations of internal organs [5–7]. 
Such phenomena provide promising opportunities for power supply to wearable and implantable 
devices [6–8]. A recent example involves a hybrid kinetic device integrated with the heart for 
applications with pacemakers [7]. More speculative approaches, based on analytical models of 
harvesting from pressure-driven deformations of an artery by magneto-hydrodynamics, also exist 
[9].  
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Cardiac and lung motions, in particular, serve as inexhaustible sources of energy during the 
lifespan of a patient. Mechanical to electrical transduction mechanisms in piezoelectric materials 
offer viable routes to energy harvesting in such cases, as demonstrated and analyzed by several 
groups recently [10–17]. For example, proposals exist for devices that convert heartbeat 
vibrations into electrical energy using resonantly coupled motions of thick (1–2 mm) 
piezoelectric ceramic beams on brass substrates [1]. Although such models highlight the 
potential for self-powering devices, there are important practical challenges in the coupling of 
rigid mechanical systems with the soft, dynamic surfaces of the body in a manner that does not 
induce adverse side effects. An ideal device construct would enable power harvesting throughout 
the macroscale displacement cycles associated with natural motions of an organ, but in a manner 
that does not induce any significant constraints on those motions. Development of flexible 
devices based on arrays of piezoelectric ZnO nanowires [14, 15] represents an important step in 
this direction. Experiments performed with a linear motor to periodically deform the device 
indicate electrical outputs as large as 1–2 V (open-circuit voltage) and ∼100 nA (short-circuit 
current) [13]. Initial in vivo tests on rabbit hearts yielded voltages and currents of ∼1 mV and ∼1 
pA, respectively. The associated electrical power is substantially less than that required for 
operation of existing classes of implants, such as pacemakers. Some improvement in 
performance is possible with thin-film geometries, as demonstrated in bending experiments on 
devices based on barium titanate [16] and lead zirconate titanate (PZT) [11, 12, 17]. In vivo 
evaluations are needed, however, to assess the suitability for realistic use and potential for 
producing practical levels of power. 
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4.2 Experiments 
4.2.1 Fabrication of PZT Ribbons Array and Transfer Printing Them on PI 
PZT ribbons embedded in capacitor type structures with top and bottom electrodes were 
fabricated as following. The top electrode was formed by deposition of Au/Cr (200 nm/10 nm) 
with an electron beam evaporator on the surface of a multilayer stack of 
Pb(Zr0.52Ti0.48)O3/Pt/Ti/SiO2 (500 nm/300 nm/20 nm/600 nm; INOSTEK) on a silicon wafer. 
Coating the wafer with photoresist (PR, AZ5214E) followed by patterning by photolithography 
defines the top electrode areas (50 µm x 2 mm) for each PZT ribbon. Au and Cr layers were 
etched with gold etchant (TFA, Transene Company Inc., USA) and CR-7 chrome etchant (OM 
Group, USA), respectively. PZT ribbons with thickness of 500 nm and an area of 100 µm x 2.02 
mm were created by wet chemical etching with HNO3 (nitric acid): BHF (buffered hydrogen 
fluoride): H2O (DI water) = 4.51:4.55:90.95 through a hard-baked mask of PR (AZ4620, 
Clariant) (See Figure 4-1a). The hard baking involved 80 °C for 5 min, 110 °C for 30 min and 
then 80°C for 5 min (See Figure 4-1b). The bottom Pt/Ti electrode with area of 140 µm x 2.02 
mm was patterned by wet chemical etching with HCl (hydrochloric acid) : HNO3 : DI water = 
3:1:4 at 95°C through a hard baked mask of AZ4620. The PZT layers were protected by 
photolithographically patterned PR during partially removal of the sacrificial layer, SiO2 with 
dilute hydrofluoric acid (HF) (DI water: 49% HF = 1:3). Hard baked photoresist mask was 
completely removed in an acetone bath for 3 hr after etching the SiO2. 
A PDMS stamp for transfer was fabricated by casting a mixture of PDMS (Sylgard 184, Dow 
Corning; 10:1 ratio of prepolymer to curing agent) in a plastic petri dish, and curing at room 
temperature for 24 hr. Next, the stamp was conformally contacted on the top of the ribbons (See 
Figure 4-1c). The devices were retrieved by peeling the stamp away from the Si wafer and then 
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transfer printed on a film of PI (75 µm, DuPont, USA).  This film was formed by spin-coating a 
layer of poly(pyromellitic dianhydride-co-4,4’-oxydianiline) amic acid solution, to a thickness of 
1.2 µm (See Figure 4-1d). The printed PZT ribbons on the PI were spin-coated with another 
layer of PI for encapsulation and hard baked at 250°C in a vacuum oven. 
To open contact holes for the top and bottom electrodes, the device on PI was patterned with 
photoresist (PR, AZ 4620), and developed with diluted AZ®400K developer (AZ Electronic 
Materials, USA) (deionized water (DI) : 400 K developer = 1:2). The PI was etched in reactive 
ion etching (RIE, March) to open contact holes. Connection lines were obtained by the 
deposition of Au/Cr (200 nm/10 nm) using electron beam evaporation. The interconnection lines 
were spin-coated with another layer of PI for encapsulation and hard baked at 250°C in a vacuum 
oven. 
 
4.2.2 Poling of the PZT Thin Film and Device Analysis via Mechanical Testing 
The PZT thin films sandwiched between Ti/Pt (20 nm/300 nm) bottom electrode and Cr/Au 
(10 nm/200 nm) were poled with an electric field of 100 kV/cm at 150°C for 2 hr. A 
semiconductor parameter analyzer (4155C, Agilent) was used to measure the open voltage and 
short current values of mechanical energy harvester. Figure 4-2 shows a mechanical bending 
stage for testing the PZT MEH. The system includes a high precision linear stage (ATS100-150; 
Aerotech, Inc.; USA), equipped with precision ground ball screw, noncontact rotary encoder 
with 1000 line/rev, and brushless servomotor to achieve a motion with an accuracy of ± 0.5 µm 
and a bidirectional repeatability of ± 0.3 µm over 150 mm stage motion range. The stage can 
achieve velocities up to 100 mm/s with maximum side load of 100 N in horizontal configuration. 
The stage motion was controlled with a Soloist single axis PWM digital controller 
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(SOLOISTCP20; Aerotech, Inc.; USA) and USB interface. Additionally, two U-Form Vise grip 
(TH240k, Grip Engineering Thümler GmbH; Germany) were attached to the stage. Pyramid 
shape jaws (TH240k-BP, Grip Engineering Thümler GmbH; Germany) were attached to the 
vices to achieve maximum tensile gripping force of 2.5 kN of the specimen during the test. A 
LabVIEW (National Instruments Corporation; USA) based program was designed to control the 
stage to perform the test cycle (Figure 4-2). 
 
4.2.3 In Vitro Biocompatibility Assessment of the Flexible PZT MEH 
Aortic smooth muscle cells (SMC) were harvested from albino Sprague-Dawley rat (with 
IACUC approval protocol from the University of Arizona) and subsequently cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal calf serum, 
2% (v/v) of 0.2 M glutamine, 1% (v/v) of antibiotic/antimycotic solution. All cell culture 
supplements and medium were either purchased at Invitrogen (Grand Island, NY, USA) or 
BioWhittaker (East Rutherford, NJ, USA). SMCs were then sub-cultivated and cultured in an 
incubator at 37 ºC, 5% CO2, and 95% relative humidity to passages 2-5 before subjecting to 
ribbonping (trypsin-EDTA), cell counting, and seeding on the sterilized fibronectin (BD-
Biosciences, San Jose, CA, USA) coated PZT MEH.  
To prepare for biocompatibility studies, PZT MEH ribbons were cut into 1 cm
2
 coupons to fit 
in a 24 well culture plate. These coupons were then cleaned using Basic Harrick Plasma (Ithaca, 
NY, USA) for 10 min at 1 torr to increase surface hydrophobicity. Subsequently, coupons were 
sterilized under UV light for 30 min then coated with 150 µL of 1 mg/mL fibronectin for another 
15 min. Any excess fibronectin was removed and allowed to dry in the culture hood for another 
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15 min prior to 5x10
4
 SMCs cultivation for 1, 3, and 9 days at 37 ºC, 5% CO2, and 95% relative 
humidity. Medium was changed every 24 hr. 
At the given latter endpoints, SMCs were stained using actin cytoskeleton/focal adhesion 
staining kit (Millipore, MA, USA). Cells were fixed with 4% paraformaldehyde for 15 min, then 
washed and permeated the membrane with 0.05% Triton X for 5 min. Cells were washed and 
blocked with 1% protein standard (fractionated bovine serum albumin) in PBS at pH 7.4 and 
subsequently stained with anti-vinculin for 1 hr at room temperature. Cells were washed and 
stained with fluorescein isothiocyanate conjugated mouse anti-immunoglobulin G (mIgG-FITC) 
to label vinculin and tetramethyl rhodamine isothicyanate (TRITC) conjugated Phalloidin to 
selectively label F-actin. After washing off all the excess stains, cells were then mounted in 
vector shield with DAPI and imaged using the Nikon C1Si Laser Scanning Confocal 
Fluorescence Microscope. SMCs on the PZT MEH exhibit normal morphology where intact 
cytoskeletal fibers, nucleus, and focal adhesion points are present, suggesting that the surface of 
PZT MEH is a suitable environment for cell growth.  
Scanning electron microscopy (SEM, FEI Inspec S, Thermo, Rockford, IL, USA) was also 
utilized to physically demonstrate the adherent of cells on PZT MEH ribbons. Briefly, SMCs 
after 9 days of culture were fixed in 5% Glutaraldehyde in PBS at pH 7.4 (100% fixator) then 
subjected to a graded series of water and ethanol (100% fixator  3:1  1:1  1:3  100% 
Distilled water  3:1  1:1  1:3  100% Ethanol. Samples were soaked for 5 min at each 
step. Finally, Samples were freeze-fried using critical point drying (CPD, EMS #3100, Hatfield, 
PA, USA). A more detailed CPD protocol can be found in [18]. Subsequently, samples were 
sputter-coated with gold at about 5-8 nm thick and imaged at 30 kV with aperture spot size of 3.   
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To evaluate the biocompatibility of the PZT MEH structures, the viability and cytotoxicity of 
SMC were determined after 9 days of cultivation by utilizing two color fluorescence 
LIVE/DEAD viability (Invitrogen) assay and Lactate Dehydrogenase (LDH) assay (Thermo, IL, 
USA), respectively. For LIVE/DEAD assay, SMCs grown on PZT MEH ribbon after 9 days 
were prepared and stained according to manufacture protocol with the exception that samples 
were mounted in Flouroshield containing DAPI (Sigma Aldrich, St. Louis, MO, USA). Briefly, 
the culture medium was aspirated from each of the wells then rinsed three times with 1x PBS, 
and a working solution (consisting of 5 mL 1x PBS, 10 µL of 2 mM EthD-1, and 2.5 µL of 4mM 
Calcein AM) was added to cover each of the samples. The submerged samples were incubated 
for 30 min at 37°C. After the incubation period, the working solution was removed, and the 
samples were rinsed once with 1x PBS, then mounted and immediately imaged with the Nikon 
C1Si fluorescence microscope. For the LDH cytotoxicity assay, 50 µL medium from cells grown 
on fiber surfaces at the latter given endpoints (ie. 1, 3, and 9 days) were mixed with 50 µL 
reaction mixture (prepared according to the manufacture recipe) in a 96 wells plate for 30 min at 
room temperature. Stop solution (50 µL) was added and the plate was read at 490/680 nm. Mean 
percent of healthy cells was reported with standard error of mean. All statistical analysis was 
performed using Microsoft Excel 2010. T-TEST was analyzed using one-tailed distribution and 
two-sample unequal variance type. Statistical significance of differences between the means was 
determined using a student’s t-test (p = 0.05).    
 
4.2.4 Implantation of the PZT MEH: an In Vivo Study 
All animals received humane care and were handled in accordance with IACUC approval 
protocol at the University of Arizona Animal Care Center. Male Corriente bovine (n=4, 90-140 
kg) and domestic ovine (n=1, 45 kg) were used. Animals fasted for 12 hr without food and 8 hr 
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without water prior to left thoracotomy. Animals were operated off-pump, without 
cardiopulmonary bypass and survived for two hours post-surgery. 
Briefly, animal were restrained with Telazol (2.2 mg/kg Intramuscular (IM) or 4 mg/kg 
Intravenous (IV)), weighed, and anesthetized with 3-5% Isoflurane induction administered via 
the facemask. An oral endotracheal tube was then placed. Butorphanol (0.01-0.02 mg/kg) and 
Xylazine (0.1-0.2 mg/kg) were administered via intramuscular (IM) injection into the hamstring 
muscle to relieve pain. Animal were clipped, shaved, and prepped for the surgery. 
Glycopyrrolate was administered at 0.002-0.005 mg/kg Intravenous (IV) when bradycardia is 
present. Animal was then intubated and anesthesia was further maintained at 0.5-3% Isoflurane 
and at room temperature throughout the study. An orogastric tube was placed to decompress the 
rumen. A triple lumen catheter (7-8 F) was inserted percutaneously into the right jugular vein for 
IV line for drip infusion of lactated ringers to maintain hydration and for delivery of drugs. An 
arterial pressure catheter was placed in the carotid artery and ECG was connected to monitor the 
animal. 
Prior to surgery, Ketamine (3-4 mg/kg) and Midazolem (0.25 mg/kg) were inducted 
intravenously to relax muscle. Pancuronium Bromide (0.04-0.1 mg/kg, IV) were used to block 
myoneural junctions. Fentanyl (loading dose of 5 µg/kg and dripping dose of 5 to 10 µg/kg/hr 
µg/kg/hr), Lidocaine (loading dose of 2 mg/kg and dripping dose of 2 mg/kg/hr), and Ketamine 
(loading dose of 2 mg/kg and dripping dose of 2 mg/kg/hr) were infused intravenously in 
addition to inhalant throughout the operation. Left thoracotomy was performed and cauterized 
with the electrosurgico knife (Conmed Excalibur Plus, Utica, NY, USA). The fifth left rib was 
snipped and a retractor was used to expose solid tissues like the heart, lung, and diaphragm. 
Amiodarone (loading dose of 50 mg IV bolus and dripping dose of 0.3 to 0.9 mg/kg/hr) was 
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administered to control arrhythmias prior to the manipulation of the heart. PZT MEH was then 
sutured to solid tissues using 2-0 bladed polypropylene (Ethicon, San Angelo, TX, USA). A 
cable (ACF; Anisotropic conductive film, 3M Co.) was connected to a voltmeter storage monitor 
systems. To evaluate the responsiveness of the PZT MEH, temporary pacemaker (Medtronic 
5388, Minneapolis, MN, USA) and Dobutamine (5-15 µg·kg
-1
·min
-1
, IV) was used to fluctuate 
the heart rate. After all initial readings, animal were survived for 2 hr to allow the PZT MEH to 
recharge the battery. Incision sites were closed using the standard technique. At the termination 
of the surgery, animal were humanely euthanized with 30 mL of Beuthanasia while still under 
general anesthesia. The PZT MEH was then removed for detailed examination and reading. 
 
4.3 Results and Discussion 
4.3.1 Fabrication of PZT MEH in Flexible Form 
Figure 4-1, 4-3a and 4-4 provide schematic diagrams of a flexible PZT mechanical energy 
harvester (MEH). An optical microscope image and a photograph appear in Figure 4-3 b and c, 
respectively. The key functional element is a capacitor type structure that consists of a layer of 
PZT (500 nm) between bottom (Ti/Pt, 20 nm/300 nm) and top (Cr/Au, 10 nm/200 nm) 
electrodes. An MEH module consists of 12 groups of 10 such structures that are electrically 
connected in parallel. Each of the 12 groups is connected in series to its neighboring group to 
increase the output voltage (Figure 4-4). Encapsulation of these devices with biocompatible 
materials isolates them from bodily fluids and tissue, thereby minimizing the risks of failure or 
immune response. A thin spin-cast layer of polyimide (PI) serves effectively in this role, as 
demonstrated in leakage tests performed in PBS (P-5368, pH 7.4; SIGMA) in a way that 
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maintains excellent mechanical flexibility. The computed bending stiffness (per unit width) is 
0.22 N·mm and 0.10 N·mm for regions coincident with and away from the PZT structures, 
respectively. For a bending radius of 2.5 cm, the maximum strain in the PZT is only 0.1%.  
 
4.3.2 Biocompability Test of the Resultant Device  
As a screen of the biocompatibility and absence of cytotoxicity of the constituent materials, 
we examined the adherence, growth, and viability of rat smooth muscle cells (SMCs), as a 
representative tissue cell, on the encapsulated PZT capacitor structures described above. SMCs 
readily adhere to fibronectin-coated structures, with evident spreading (Figure 4-3d), and intact 
detectable cytoskeletal structures, i.e., Vinculin focal contacts via fluorescence (green in Figure 
4-3d) and cytoskeletal actin microfilaments (red in Figure 4-3e). The scanning electron 
microscope (SEM) image shows spreading cells in Figure 4-3f. No detectable cytotoxicity was 
observed in a live/dead assay that identifies calcein acetomethoxy derivative (green) for viable 
cells and ethidium homodimer (red) for damaged cells, suggesting that the majority of SMCs are 
healthy (green in Figure 4-3d). In fact, more than 96% of cells were viable after 9 days of 
culture. Cells grown on device structures showed no differences from those grown on standard 
tissue cultureplates at days 3 and 9 (Figure 4-3g).  
 
4.3.3 Device Characteristics under Mechanical Load 
Measurements with a bending stage reveal dynamic mechanical properties, as shown in 
Figure 4-5a. Figure 4-5b illustrates 3D deformations of the PZT ribbons, with distributions of 
strain obtained by finite element analysis (FEA). The overall shapes match those observed in 
Figure 4-5a. The strain distributions in Figure 4-6 and 4-7 quantitatively capture the nature of 
109 
 
deformations in the various device layers. The results determine the electrical field and electrical 
displacement in the PZT through constitutive models of piezoelectric behavior. The voltage and 
current outputs of a representative device before (Figure 4-5c) and after (Figure 4-8) rectification 
illustrate the nature of operation. 
 
4.3.4 Mechanics Analysis 
For the out-of-plane displacement  11 cos 2 2w A x L     shown in Figure 4-9a for 
plane-strain analysis (
22 0  ), the bending energy in PI is related to the curvature w  by 
   22PIEI w ds , where the integration is over the PI length, and  3 12PI PI PIEI E t , PIE  and 
PIt  are the plane-strain bending stiffness, plane-strain modulus, and thickness of PI, respectively. 
The membrane energy can be obtained following the same approach of [19]. Minimization of the 
total energy (sum of bending and membrane energies) gives the amplitude A as 
                                  
2 2
2 2
3
kaptont
A L L L L

 
     ,    (1) 
where the last approximation holds when the compression of PI L
 
is much larger than its 
critical value  2 2 3PIt L  to initiate buckling. For a 75 μm -thick and 2.5 cm-long PI, 
 2 2 3PIt L  ~0.74 μm  is negligible as compared to compression 1.5 ~10 mmL   in the 
experiments.   
The bending moment M in PI is related to the curvature w  by PIM EI w  . For the part of 
PI covered by the PZT ribbons (Figure 4-9b), the local curvature is reduced to compM EI  due to 
the additional bending stiffness of PZT ribbons, where 
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EI E t t t y t y t
  
   
       
    
    is the effective bending stiffness of 
multi-layer structure (Figure 4-9b) with PI as the 1
st
 layer (i = 1) and the summation over all n 
layers, 
iE  and ti are the plane-strain modulus and thickness of the i
th
 layer, respectively, and 
1 1 1
2 2
n i n
neutral i i j i i i
i j i
y E t t t E t
  
    
     
    
    is the distance from the neutral mechanical plane to 
the bottom of 1
st
 (PI) layer. The membrane strain in PZT is the axial strain at the center of PZT 
ribbons, and is given by 
 PI compm EI EI w h  ,    (2) 
where h is the distance from the center of each PZT ribbon to the neutral mechanical plane of the 
cross section as shown in Figure 4-9b. For the length of PZT ribbons much smaller than that of 
the PI, w  is evaluated at the center x1=0 of PZT ribbons as 4w L L L    , which gives 
the membrane strain as shown in Eq. (3). For the structure shown in Figure 4-9b, 
1 2.83 GPaE   
and 
1 75μmt   for PI, 2 2.83 GPaE   and 2 1.2 μmt   for the PI layer, 3 129 GPaE   and  
3 20 nmt   for the Ti layer, 4 196 GPaE   and  4 0.3μmt   for the Pt layer, 5 69.2 GPaE   
and  
5 0.5μmt   for the PZT layer, 6 292 GPaE   and  6 10 nmt   for the Cr layer, 
7 96.7 MPaE   and  7 0.2 μmt   for the Au layer, and 8 2.83 GPaE   and  8 1.2 μmt   for the 
PI layer; these give PI compEI EI = 0.45, yneutral = 52.0 µm and  1 2 3 4 5 2 neutralh t t t t t y       
= 24.7 µm. 
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4.3.5 Buckling Shape 
Experimental behaviors can be captured with an analytical model. Compression of a device 
with length L leads to buckling with an out-of-plane displacement  11 cos 2 2w A x L     as 
shown in Figure 4-9a, where the origin of coordinate x1 is at the center of the device, and the 
amplitude A is related to the compression L  between the two ends by  2A L L  . The 
PZT layers, together with the top and bottom electrodes, bend with the buckled substrate. The 
membrane strain in the PZT ribbons is given analytically by 
4
PI
m
comp
EI h L
L LEI
 


    (3) 
where compEI  and PIEI  are the bending stiffness (per unit width) of the PI with and without 
the PZT and electrodes, respectively; and h is the distance from the center of the PZT layers to 
the neutral mechanical plane of the cross section as shown in Figure 4-9b. The bending strain in 
the PZT ribbons has opposite signs above and below the midpoint through the thickness of the 
PZT, and therefore does not contribute to the voltage or current output. For thin PZT layers, the 
bending strain is much smaller than the membrane strain; the total strain is therefore dominated 
by the membrane strain.  
 
4.3.6 Direction of Bending 
Figure 4-6 and 4-7 show the strain in PZT bent along x1 and x2 directions, respectively, for 
the axial compression of L  1.5, 3, 5 and 10 mm. For the same axial compression L , the 
strain in PZT bent along x1 direction is larger than that along x2 direction, and is therefore more 
effective for energy harvesting. 
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4.3.7 Analytical Calculations of Current and Voltage  
PZT is transversely isotropic with the polarization direction x3 normal to the surface. The 
elastic, piezoelectric, and dielectric constants are denoted by cij, eij, and kij, respectively. For 
plane-strain deformation ( 22 0  ) the strain 33  and the electrical field E3 along the polarization 
direction x3 satisfy the constitutive relations 11 11 13 33 31 30 c c e E     and
 
3 31 11 33 33 33 3D e e k E    , where the electrical displacement D3 along the polarization direction 
is a constant to be determined. For measurements of current, the top and bottom electrodes 
connect to an ammeter, which has negligible electrical resistance. As a result, voltage between 
the top and bottom electrodes is zero, and 3 mD e , where the effective piezoelectric constant is 
 31 13 33 33e e c c e   and the membrane strain m  is given in Eq. (3). For each group of devices 
in series, the charge induced by m  gives the current 3PZTI A D   (Figure 4-9c), i.e.,  
  mPZT
d
I e A
dt

  ,      (4) 
where 
PZTA  is total area of the PZT ribbons in each group. In experiments, the compression 
L  between the two ends of the device is a periodic function of time t, given by 
 
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in the first period, where maxL  is the maximum compression, and  1 22T T T   is the period. 
Figure 4-5c shows L vs. t for 1 0.8T   s, 2 1.3T   s, and max 1.5, 3, 5 and10 mmL   as in 
experiments. Figure 4-5c shows that the current obtained from Eq. (4) for these four values of 
maxL  agree reasonably well with the experiments, where L = 2.5 cm, 0.45PI compEI EI  , h = 
24.7 µm and APZT = 2.24 mm
2
 as in experiments, and 210 C me   , which is on the same order 
of magnitude as the literature values [20]. The peak current ranges from 0.06 µA to 0.15 µA for 
ΔLmax from 1.5 to 10 mm, respectively. 
In measurements of voltage, the potential drop across each group is V N , where V is the 
total voltage for N groups of devices in series (Figure 4-9c). The electrical displacement is
 3 m PZTD e kV Nt  , where  233 33 33k k e c   is the effective dielectric constant and PZTt  is 
the thickness of PZT ribbons. The current 
3PZTI A D   is related to the voltage V and resistance R 
of the voltmeter by I = V/R, which gives 
3PZTV R A D , i.e.,  
                           
mPZT PZT
PZT
dNt NetdV
V
dt A Rk k dt

   .                                           (6) 
For
 
the initial condition  0 0V t   , the voltage is given by 
 
0
PZT PZT
PZT PZT
Nt Nttt t
PZT A Rk A Rkm
e Nt d
V e e dt
k dt

  .     (7) 
For 660 10R    in the experiment and 
8= 4 10k C Vm  [20], Figure 4-5c shows the voltage V 
versus time t obtained from Eq. (7), which agrees well with experiments, including both the 
shape and peak value. The peak voltage can reach values as large as 3.7 V for the maximum 
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compression 
max 10 mmL  . (The differences between the measured and predicted behavior of 
the output current in Figure 4-5c arise because, according to Eqs. 3 and 4, the current is directly 
proportional to the rate of compression dΔL/dt, and is therefore sensitive to dΔL/dt when the 
compression reverses direction. The assumed displacement profile does not follow precisely the 
one in the experiment. By contrast, the voltage is relatively insensitive to dΔL/dt because Eqs. 3 
and 7 involve the integration of dΔL/dt.) 
Figure 4-5d shows that the currents and voltages increase with frequency, even with the same 
load amplitudes, consistent with predicted dependence (Eq. 4, 6 and 7) on the strain rate md dt .  
This behavior can be understood by recognizing that increasing the frequency with same load 
amplitude increases the amount of work performed by the external force; as a result, the 
harvester produces enhanced output energy, through increases in current and voltage. 
This energy can be captured directly by use of a chip-scale rechargeable battery (EnerChip 
CBC012, CYMBET Corporation) and a Schottky bridge rectifier (MB12S, CMM) co-integrated 
on the same flexible substrate with the MEHs. Characterization can be performed using the types 
of setups shown in Figure 4-5a. Figure 4-5 e and f show the device and the output voltage of the 
battery measured in such a case; the results reveal stepwise increases in the stored energy with 
each cycle of bending and unbending (see Figure 4-5a). As the process continues, the voltage of 
the battery saturates at a value (~3.8 V) characteristic of the battery specification. 
The analytical framework can be modified to account for the rectifier via its resistance
rectifierR , as illustrated in Figure 4-9d. Here, the resistance in the current measurement is 
rectifierR  instead of zero, while the resistance R in the voltage measurement is replaced by 
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rectifierR R . The voltage in Eq. (7) is replaced by its absolute value. The results (Figure 4-8) 
agree well with experiments. The amplitudes of the current and voltage are only slightly smaller 
than those without the rectifier. 
 
4.3.8 Piezoelectric Analysis 
The constitutive model of piezoelectric materials gives the relations among the stress 
ij , 
strain 
ij , electrical field Ei and electrical displacement Di as 
 
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The plane-strain condition 
22 0   of PZT ribbons, together with 33 0   from the traction free 
on the top surface of the structure, gives 3 11 3D e kE  , where  31 13 33 33e e c c e   and 
 233 33 33k k e c   are the effective piezoelectric constants. The electrical displacement can be 
further obtained as 
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3 m
PZT
kV
D e
Nt
 
    
(10) 
from the charge equation 
3 3 0dD dx   and the relation 3 3E x  
 
between the electrical field 
and
 
electrical potential, together with the boundary condition that the voltage difference between 
the bottom and top of PZT is V N , where V  is total voltage between the two ends of the N 
groups of PZT ribbons in series, and 
PZTt  is the thickness of PZT ribbons. Eq. (10) shows that 
the electrical displacement is linear with the membrane strain of PZT ribbons, and is independent 
of the bending strain. Therefore the bending strain does not contribute to the voltage and current 
output of the MEH given in the following. 
 
4.3.9 Current 
The voltage V  across the two ends of the N groups of PZT ribbons in series is zero after the 
PZT ribbons are connected to an ampere meter (Figure 4-9c). The electrical displacement in Eq. 
(10) then becomes 
3 mD e , where m  is given in Eq. (3). Its rate gives the current 3PZTI A D  , 
or equivalently Eq. (4), where  1 1 2 2PZT PZT , PZT , PZT , PZT ,A m w l w l   is total area of PZT ribbons in 
each group; 10m   is the number of PZT ribbons in each group,
1 100μmPZT ,w  , 2 140μmPZT ,w  , 
1 2 mmPZT ,l   and 2 160μmPZT ,l   are the widths and lengths of the two rectangular parts of each 
PZT ribbon, respectively (Figure 4-9b). 
 
4.3.10 Voltage 
For voltage measurement, the voltage V  in Eq. (10) across the two ends of the N groups of 
PZT ribbons in series is no longer zero after the PZT ribbons are connected to a voltmeter 
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(Figure 4-9c). The rate of the displacement in Eq. (10) gives the current 
  3PZT mI A e k Nt V       , which, together with the Ohm’s law gives Eq. (6). 
 
4.3.11 Rectifier  
For current measurements with the rectifier (Figure 4-9d), the resistance across the PZT 
groups is no longer zero because of the resistance of the rectifier rectifierR . Instead it is the same 
as the voltage measurement shown Figure 4-9c except that the resistance of the voltmeter R  is 
replaced by rectifierR . After this replacement Eq. (7) still holds, but is taken by its absolute value 
because of the rectifier [21].  The current is then obtained from Ohm’s law as 
                             
 
0
1
PZT PZT
PZT rectifier PZT rectifier
Nt Nttt t
A R k A R kPZT m
rectifier
e Nt d
I e e dt
R k dt

  .  
(11) 
For the voltage measurement with the rectifier (Figure 4-9d), the resistance R  is replaced by  
rectifierR R . After this replacement Eq. (7) still holds for the voltmeter and rectifier in series, 
and the voltage on the voltmeter is then obtained by multiplying the factor  rectifierR R R  of 
the absolute value of Eq. (7) as 
     
0
PZT PZT
PZT rectifier PZT rectifier
Nt Nt
tt t
A R R k A R R kPZT m
rectifier
e Nt dR
V e e dt
R R k dt
  

 
.
  
(12) 
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4.3.12 Efficiency Calculation 
An effective efficiency for conversion of mechanical to electrical energy can be defined as 
the ratio of energy stored in the battery storedW  to the total mechanical work totalW , i.e., 
  100%stored totalW W   . Here, storedW  is estimated from the saturated voltage 3.8 V and 
capacity 12 μAh  of the battery as 0.164 J. The total mechanical work is the product of the 
number of cycles for the battery voltage to saturate (e.g., 7,500 from Figure 4-5f for 
max 10 mmL  ) and work done [22] in each cycle
max
0
L
Fd L

 , where 
2 24 PIPIF w EI L  is the 
bucking force (Figure 4-9a), and wPI = 2 cm is the width. These calculations indicate an 
efficiency, at the system level, of 1.7%  . This value can be improved by decreasing the 
thicknesses and Young’s moduli of the electrodes and PI encapsulation layer and/or by 
increasing the area coverage of the PZT. Reductions in viscoelastic dissipation of the substrate 
can also be helpful [22].  [We note that alternative metrics for efficiency [13] lead to much high 
values that those reported above.] 
Additional in vitro characterization illustrates that these MEH devices can be wrapped onto 
various curved objects such as balloons, fingers and wrists, as seen Figure 4-10. Control 
experiments (Figure 4-11) reveal that reversing the electrical connections to measurement 
equipment reverses the signal polarity, as expected. The devices exhibit excellent fatigue 
properties. Bending and releasing more than 20 million times while in direct contact with a 
transparent layer of gelatine (Knox), to mimic a moist environment (Figure 4-12 a and b), induce 
no noticeable degradation in the properties, as in Figure 4-12 c and d. 
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4.3.13 In vivo Tests Results on Heart 
In vivo testing involved affixing the devices to epicardial sites on the RV, LV base and free 
wall of bovine and ovine hearts as shown in Figure 4-13 and Movies 1 and 2. The anchoring 
scheme used sutures at three points, to maintain focal contact, though without rigid attachment so 
as to minimize any alteration or constraint on cardiac motion. Similar suturing techniques have 
been previously utilized to suture 3D patches onto the left ventricle in a rat model [23]. 
Furthermore, alternative suturing techniques, including running locked stitch and 5-point 
lacerations can further reinforce the attachments. No detectable change in cardiac conduction or 
epicardial motion occurs following this simple procedure for fixing the device onto the 
epicardium. The PZT MEH maintains conformal contact, without delamination from the heart, 
during the entire cycle of cardiac motion, from contraction to relaxation. Evaluation of various 
mounting sites can identify locations for optimal power extraction (Figure 4-13 a and b). 
Analysis of voltage outputs from devices placed on the RV, LV base and free wall appear in 
Figure 4-13 c, d and e, respectively. The RV yields the best results, even though the LV has more 
muscular fibers (9-11 mm thick) than the RV (3-5 mm thick) [24]. The differences in shape and 
other functional characteristics are, however, most important. The RV chamber is box- or wedge-
shaped in form, with a concave free wall, which thinner than the LV and is attached to the 
convex interventricular septum [25]. The LV is roughly cylindrical
 
in shape and has a thick wall 
structure with three spiraling layers of muscle, to enable contractions with a twisting or torsional 
motion [26, 27]. The RV ejects blood primarily by shortening of its free wall, while ejection 
from the LV primarily involves a reduction in its diameter or circumference, associated with wall 
thickening [28]. The contraction of the RV by shortening the free wall likely results in enhanced 
overall wall motion and hence increased bending of the MEH than the twisting contraction of the 
LV.  
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Orientation of the device is also important, as illustrated by the data in Figure 4-13 f and g. 
Bending in the longitudinal direction (x1 direction, Figure 4-6) relative to the orientation of the 
PZT ribbons provides the highest efficiency. To examine the dependence on orientation on the 
heart, measurements involve the longitudinal direction of PZT ribbons along 0
O
, 45
O
 and 90
O
 
directions with respect to the apex of the heart. The 0
O
 and 45
O
 directions produce greater 
voltages than those for 90
O
 (Figure 4-13g). This behavior, for 0
O
 and 45
O
, is expected since the 
myocardial tissue of the heart is anisotropic and contracts in a generally circumferential direction 
[29] with cardiac fibers aligned in a continuous manner from +60
O
 on the endocardium to -60
O
 
on the epicardium [30]; 90
O 
is clearly out of this range. Theoretically, as shown in Eq. (7), the 
voltage is proportional to the strain rate, or equivalently, the strain amplitude for a given period. 
FEA confirms that the strain by bending along the x1 direction is larger than that along x2, as 
shown in Figure 4-6 and 4-7. Aligning the x1 direction with the strongest bending direction 
optimizes the harvested energy.   
The size of the heart, the beat rate and the force of contraction are additional factors that 
affect voltage output. In the studies reported here (Figure 4-13 to 4-15), the bovine heart is nearly 
twice the mass of the the ovine model. All devices deployed on the former yield significantly 
higher voltage outputs than that those in the ovine model, for any site of implantation on the 
heart (see Figure 4-16 and 4-17). Modulating heart rate through electrical and chemical 
stimulation reveals the dependence on frequency. Figure 4-13h demonstrates that increasing the 
bovine heart rate with a temporary pacemaker (Medtronic 5388) increases the voltage in direct 
proportion to heart rate (see Figure 4-16, 4-17 and Movie 3), consistent with modeling results, 
assuming that the amplitude does not vary significantly with frequency. Similarly, increasing the 
force and degree of contractility of the myocardium via Dobutamine infusion, i.e., the inotropic 
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state (15 µg·kg
-1
·min
-1
), increasing both the voltage and the frequency of the output (Figure 4-
18). Such a response occurs for both the LV and RV, as shown in Figure 4-13 i-k.   
 
4.3.14 In vivo Tests Results on Lung and Diaphragm 
The lung represents another internal organ of interest for mechanical energy harvesting. 
Results for mounting on the bovine (Figure 4-14a and Movie 4) and ovine lung are consistent 
with expectation. In particular, in both models respiratory movement can be converted to voltage  
(Figure 4-14 b and d). Unlike observations with the heart, data collected from the lung show no 
strong interspecies differences (Figure 4-14 c and e). The diaphragm offers an additional option. 
Data indicate larger voltage response for the bovine (Figure 4-14 f) than the ovine, as shown in 
Figure 4-14 g and h, respectively. Collectively, these results indicate that flexible PZT MEH 
systems are readily capable of harnessing energy from different locations across the body, with 
operational details that depend on the species and the organ.  
Any long-term practical use would, of course, require efficient operation upon closure of the 
chest post-thoracotomy. Data collected with the chest open (Figure 4-15 a) and closed (Figure 4-
15b) show the same capabilities in power generation, as in Figure 4-15 c and d. Similar in vivo 
tests on a pig model appear in the Figure 4-19. Such results clearly suggest an ability to power 
implanted devices. The magnitude of power generation in this context is important. Operation of 
a cardiac pacemaker system provides a specific example of interest. State-of-the-art devices offer 
cardiac activity sensing, adaptive pacing, and programmability, with average power consumption 
to values as low as 0.3 µW [31, 32]. The power output of a PZT MEH depends on its design. The 
electrical energy output is obtained by integrating the ratio of the square of the voltage V and the 
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resistance R over total time 
totalt  as 
2
0
totalt
W V R dt   [33]. The time-averaged power density is 
given by  total PZTP W t NA . With layouts described previously, the time-averaged power 
density (electrical power output per unit area of PZT) corresponds to 0.12 and 0.18 µW/cm
2
 for 
mounting on the RV at 0
O
 and 45
O
 as seen in Figure 4-20 a and b, respectively. Stacking multiple 
PZT MEH sheets (Figure 4-2, 4-15 e and f) increases the power output. Figure 4-15g shows a 
stack of nMEH PZT MEHs thin, spin-cast layers of silicone layer in between (Figure 4-15g) as 
adhesives and strain isolating layers. The silicone, which is much more compliant (Young’s 
modulus 60 kPa) than the PI (Young’s modulus 2.5 GPa), does not significantly alter the modes 
of deformation of the PZT MEHs (see Table 1).  As a result, for a stack of nMEH PZT MEHs, Eq. 
(7) can be applied simply by replacing N with N*nMEH. For max 10 mmL  , multilayer stacks 
with nMEH = 3 and 5, in vitro experiments show peak voltages of 5.8 V and 8.1 V (Figure 4-21) 
respectively, consistent with Eq. (7). Both values are higher than that (3.7 V) for a single layer 
device. 
 
4.3.15 Finite Element Analysis (FEA) for the Deformation of the Stacks 
FEA is used to study the deformation of a single PZT MEH and the stacks of 3 and 5 PZT 
MEHs with spin-casted silicone layer of 10 µm
 
thickness in between. The solid elements in the 
ABAQUS finite element program [34] are used to mesh all materials, including the PZT ribbons. 
Figure 4-22 shows that the amplitudes of the PZT MEHs in the stacks are very close to that of 
the single PZT MEH, with the difference less than 1%, which clearly suggests that the soft 
silicone layers do not make significant contribution to the deformation of the PZT MEHs. 
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4.3.16 Multilayer Device configuration and Power 
 In vivo demonstrations on the bovine heart are consistent with these results (Figure 4-23). 
The time-averaged power density increases with nMEH, and can reach as large as 1.2 µW/cm
2
 
(Figure 4-15h) for nMEH = 5, which is easily sufficient to operate a cardiac pacemaker [1].  
 
 
4.4 Conclusion 
The reported results provide evidence that piezoelectric MEHs can yield significant amounts 
of electrical power from motions of internal organs, up to and exceeding levels relevant for 
practical use in implants. Theoretical models establish design rules, and enable predictive 
capabilities for efficiencies associated with various single and multilayer layouts. Practical 
applications demand long-term reliable operation in the closed body cavity. The extensive 
cycling tests and initial measurements of biocompatibility summarized here represent starting 
points for the sort of qualifications are required. In addition to uses on internal organs, the same 
types of systems can be implemented in skin-mounted configurations for health/wellness 
monitors or nonbiomedical devices. The potential to eliminate batteries or, at least, the need to 
replace them frequently represent sources of motivation for continued work in these and related 
directions.  
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4.6 Figures 
 
 
Figure 4-1. Schematic illustration of procedures for fabricating a PZT MEH on a polyimide (PI) 
substrate. Schematic illustration of (a) array of ribbons of PZT in a capacitor structure on a 
SiO2/Si wafer (left). A cross section of one element in this array appears on the right. (b) Pattern 
of photoresist on the array (left), and cross section of one element during undercut etching with 
dilute HF solution (right). (c) Retrieving the array with a PDMS stamp to leave them adhered to 
the surface of the stamp. (d) Result after transfer printing onto a flexible film of PI. 
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Figure 4-2. Image of the experimental setup used for bending and cycling tests. (a) The picture 
here shows testing of a five layer stack of PZT MEHs, with a LabVIEW control interface. A 
cross sectional image of the stacked device appears in the top left. (b) A photograph of 
LabVIEW controllable mechanical bending stage.   
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Figure 4-3. Flexible mechanical energy harvester (MEH) based on thin ribbons of PZT, and tests 
of biocompatibility using rat smooth muscle cells. (a) Exploded-view schematic illustration, with 
a top view in the lower left inset. (b) Optical microscope image of PZT ribbons printed onto a 
thin film of polyimide (PI). (c) Photograph of a flexible PZT MEH with cable for external 
connection. (d) Live/dead viability assay showing live cells (green) with intact nucleus (blue) 
and one dead cell (red) as indicated by the arrow in the inset figure. This image corresponds to 
Day 9 of the experiment. (e) Fluorescent image showing Vinculin focal contact points (green), 
actin filaments (red), and nuclei (blue). (f) SEM image of cells on PZT ribbons encapsulated by a 
layer of PI. (g) LDH assay showing no indications of toxicity for cells on a membrane of PZT at 
Day 9. (*p-value  0.05 between two groups) 
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Figure 4-4. Fabrication steps to fabricate PZT ribbons. Optical microscope image of printed 
ribbons of PZT on a film of PI (a) before bending, (b) after bending with the radius of 20 mm 
curvature and (c) with the view of top and bottom connection pads. (d) The cross sectional 
illustration of a ribbon of PZT with top and bottom electrodes, on a PI substrate with a thin 
overcoat of PI for encapsulation. (e) Schematic illustration of PZT ribbons grouped and 
connected in series. 
150 µm 
PZT ribbon
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c
b
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Figure. 4-5. Experimental and theoretical studies of the electrical behavior of PZT MEHs under 
various mechanical loads. (a) Photographs of a PZT MEH clamped on a bending stage in flat 
(left) and bent (right) configurations. (b) 3D FEM modeling for the device in (a). The results 
higlihghted by the black dashed box give the computed distributions of strain in the PZT ribbons 
for a displacement load of 5 mm along the horizontal direction. (c) Experimental and theoretical 
results for displacement, voltage, and current as a function of time for PZT MEHs under bending 
loads similar to those shown in (a) and (b). (d) Displacement, voltage, and current as a function 
of time curves, for bending loads with frequencies of 0.5, 1, and 2 Hz. (e) Schematic illustration 
(left) and photograph (right) of a PZT MEH connected to and co-integrated with a rectifier and 
rechargeable microbattery. A circuit schematic appears in the left. (f) Voltage across such a 
battery as a function of time during charging by a PZT MEH under cyclic bending load (left).  
The peak voltage output of the PZT MEH is 4.5 V. The red box in the graph on the right 
highlights, approximately, the region plotted on the left. The results highlight the expected 
stepwise behavior in charging.   
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Figure 4-6. Results of FEM analysis for strain mapping of the bare PZT ribbons array. (a) 
Deformation of a PZT MEH and (b) corresponding strain distributions in the ribbons of PZT.  
The displacement loads (ΔL) correspond to 0, 1.5, 3, 5 and 10 mm along the x1 direction, from 
left to right. 
ΔL= 0 ΔL= 1.5 mm ΔL= 3.0 mm ΔL= 5.0 mm ΔL= 10 mm
a
b
x1
x2
x3
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Figure 4-7. Results of FEM analysis for strain mapping of the bare PZT ribbons array. (a) 
Deformation of a PZT MEH and (b) corresponding strain distributions in the ribbons of PZT.  
The displacement loads (ΔL) correspond to 0, 1.5, 3, 5 and 10 mm along the x2 direction, from 
top to bottom. 
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Figure 4-8. Experimental and theoretical results for displacement, voltage, and current as a 
function of time for cyclic bending of a PZT MEH with rectification. 
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Figure 4-9. Device layouts and information related to variable names and physical parameters 
used in calculations. Schematic illustration of (a) the theoretical shape for buckling of a PZT 
MEH under compression, (b) top view of a single PZT ribbon capacitor structure (top), and cross 
section showing position of the neutral mechanical plane of the device (bottom). A buckled array 
of PZT ribbon capacitor structures on a PI substrate (c) without and (d) with rectification. 
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Figure 4-10. Images that show the ability of flexible PZT MEHs to conform to various surfaces. 
Photograph of a PZT MEH (a) on a balloon. (b) A magnified view of the device. Photograph of a 
PZT MEH wrapped onto the (c) arm and (d) finger. 
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Figure 4-11. Responses of a PZT MEH for forward and reverse connections. (a) Forward and (b) 
reverse connections to the measurement system. (c) Open-circuit voltage and (d) short-circuit 
current of a PZT MEH under cyclic bending for these two configurations.  
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Figure 4-12. Studies of cycle life in a PZT MEH. Photographs of device clamped in a bending 
stage with a layer of a transparent gelatine (Knox) on top, in (a) flat and (b) bent states. Output 
voltage as a function of time after (c) a single cycle of bending and (d) twenty million cycles of 
bending. 
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Figure 4-13. In vivo evaluation for the optimal placement and orientation of PZT MEHs on the 
heart, and assessment of voltage output by varying the heart rate via Dobutamine infusion and 
use of a temporary pacemaker. (a) Photograph of PZT MEHs on the RV, LV and free wall of a 
bovine heart. (b) PZT MEH co-integrated with rectifier and rechargable battery, mounted on the 
RV of a bovine heart, shown during expansion (left) and relaxation (right). Open circuit voltage 
as a function of time for PZT MEHs on bovine (green) and ovine (blue) hearts, mounted on (c) 
RV, (d) LV, and (e) free wall at an orientation of 0
O
 relative to the apex of the heart.  Here, the 
heart rate is 80 beats/min. (f) Photograph of PZT MEHs oriented at different angles. (g) 
Measurements of maximum values of the peak open circuit voltages produced by these devices 
indicate peak output at 45
O
. (h) Average peak voltages of a PZT MEH on the RV of a bovine 
heart at 0
O
, for various heart rate (80-120 beats/min) controlled by a temporary pacemaker. (ı) 
Maximum peak voltage for various dosages of dobutamine infusion, for the case of a device on 
the RV (green points) and LV (pink points) of a bovine heart, at 0
O
. Voltage as a function of time 
for PZT MEHs on the LV (j) and RV (k) of a bovine heart, with a base and maximum dose of 
dobutamine.  
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Figure 4-14. In vivo evaluation of PZT MEHs on the lung and diaphragm. (a) Photograph of a 
PZT MEH co-integrated with a microbattery and rectifier, mounted on the bovine lung. Voltage 
as a function of time for such devices on the (b) bovine and (c) ovine lung. (d) and (e) show plots 
corresponding to the regions indicated by the red dashed lines in (b) and (c), respectively. (f) 
Photograph of a PZT MEH on the bovine diaphragm. Voltage as a function of time for such a 
device on the (g) bovine and (h) ovine diaphragm. 
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Figure 4-15. Performance of a PZT MEH evaluated with the chest open and closed and scaling 
of power output in multilayer stacked designs. Photograph of a PZT MEH without and with 
battery, rectifier and pacemaker connection on bovine heart when the chest is (a) open and (b) 
closed. Voltage as a function of time for a PZT MEH on the bovine RV with the chest (c) open 
and (d) closed. (e) Schematic illustration of a multilayer stack of five independent PZT MEHs 
connected in series. A circuit schematic appears in the top right. (f) Photograph of such a stacked 
configuration, peeled apart at the left edge to show the separate layers. Each device appears just 
before stacking in the inset image on the left. (g) Schematic illustration of the theoretical shape 
for buckling of a stack of PZT MEHs with spin-cast layers of silicone elastomer (thickness 10 
µm) in between, under compression. (h) Time-averaged power density as a function of the 
bending load displacement (E: experimental data, T: theory) for stacks consisting of one (pink 
curve), three (green curve) and five (blue curve) PZT MEHs, connected in series. 
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Figure 4-16. Output from a PZT MEH mounted on the bovine heart, for different pacing 
conditions. Voltage as a function of time measured from a PZT MEH on the (a) RV, (b) LV, and 
(c) free wall of a bovine heart at 0
O
 with respect to the apex, at heart rates of 80, 90, 100, 110, 
and 120 beats/min. 
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Figure 4-17. Output from a PZT MEH mounted on the ovine heart, for different pacing 
conditions. Voltage as a function of time measured from a PZT MEH on the (a) RV, (b) LV, and 
(c) free wall of a bovine heart at 0
O
 with respect to the apex, at heart rates of 110, 120 and 130 
beats/min; respectively. 
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Figure 4-18. Output from a PZT MEH mounted on the bovine heart for different levels of 
dobutamine infusion. Voltage as a function of time measured from a PZT MEH on the (a) LV, 
(b) RV of a bovine heart at 0
O
 with respect to the apex with 0, 2, 5, 10 and 15 µg·kg
-1
·min
-1
 of 
dobutamine. 
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Figure 4-19. Performance of a PZT MEH evaluated with the chest open and closed on a pig 
model. Photograph of a PZT MEH without battery and rectifier connection on pig heart when the 
chest is (a) open and (b) closed. Voltage as a function of time for a PZT MEH on the pig LV 
with the chest open (c)  and closed (d). 
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Figure 4-20. Effect of orientation of the PZT MEH with respect to the apex of a bovine heart. 
Voltage as a function of time measured on the RV of a bovine heart with 80 beats/min (a) at 0
O
 
and (b) at 45
O
. 
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Figure 4-21. Output voltage as a function of time measured from a stacked arrangement of PZT 
MEHs. Experimental and theoretical results for displacement, voltage as a function of time, for 
four different bending load displacements. Spin-cast layers of silicone bond the separate PZT 
MEHs. 
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Figure 4-22. The buckle amplitude of a single PZT MEH and that of each PZT MEH in the 
stacks, incorporating 3 and 5 PZT MEHs with spin-casted silicone layer of 10 µm thickness in 
between, for compression L = 5 mm. The differences between the amplitudes are very small, 
which suggests that the soft silicone layers do not make significant contribution to the 
deformation of the PZT MEHs.  
  
Table 1 The amplitude of the stacks for ΔL=5 mm.
nth PZT MEH Amplitude A (mm)
single PZT MEH 1 6.40963
stack of  3 PZT MEHs
3 6.36612
2 6.36652
1 6.36686
stack of  5 PZT MEHs
5 6.35255
4 6.35294
3 6.35334
2 6.35376
1 6.35411
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Figure 4-23. In vivo evaluation of stacked PZT MEHs on voltage output. Voltage as a function 
of time for devices that incorporate (a) 3 and (b) 5 layers of PZT MEHs connected in series and 
mounted in the RV of a bovine heart (80 beats/min) at 0
O
 (left) and at x
O 
(right). 
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CHAPTER 5 
 
CONFORMABLE, AMPLIFIED LEAD ZIRCONATE TITANATE SENSORS WITH 
ENHANCED PIEZOELECTRIC RESPONSE FOR CUTANEOUS PRESSURE 
MONITORING  
 
5.1 Introduction 
Research over the last decade has established inorganic nanoparticles [1-3], nanowires [4-6]
 
and nanomembranes [7] as materials that enable high quality electronic devices to be formed on 
unusual types of substrates, including plastic foils and rubber sheets [8]. A key opportunity and a 
realm ripe for further development and growth, follows from an ability to integrate such 
technologies with the soft, curved contours of the human body [9]. Although semiconductor 
devices such as light emitting diodes, solar cells, and transistors have received much attention, 
application requirements often demand co-integration of other types of active materials and 
classes of components. Lead zirconate titanate (PbZr0.42Ti0.58O3, PZT), as one example, is a 
ferroelectric/piezoelectric material for ultrasonic transducers [10], microelectromechanical 
devices and actuators [11], as well as pressure [12] and strain [13]
 
sensors, due to its large 
piezoelectric and electromechanical coupling coefficients, high dielectric permittivity, and 
significant remnant polarization [14]. Force sensing, mechanical energy harvesting, and 
actuation represent promising possible roles in stretchable systems that interface with the body. 
Recent studies show the ability to build PZT-based piezoelectric systems for uses ranging from 
the measurement of deformations of neuronal cells [15] to harvesting of electrical power from 
motions of the heart, lung and diaphragm [16]. Alternative options include barium titanate [17], 
zinc oxide [18, 19] and other inorganics in nanostructured forms. 
151 
 
An important, unexplored area for application of such materials is in the continuous 
monitoring of pressure transients associated with arterial blood flow. The traditional cuff 
sphygmomanometer is one of the oldest and most established diagnostic tools for blood pressure, 
but it is not well suited for continuous monitoring and yields only two basic pressure values: 
systolic (greatest heart contraction) and diastolic (greatest heart dilation) [20]. As a result, 
capabilities for use in observation during hypertensive treatment, in evaluation for hemodynamic 
effects of atherosclerotic risk factors or in projections of life-threatening cardiovascular events 
[21]
 
are limited. A popular alternative, known as arterial tonometry, uses arrays of transducers 
that press against a radial artery to measure external blood pressure [22]. The transducers consist 
of dielectric capacitor structures formed in chip-scale geometries integrated with processing 
electronics. Pressure waves associated with blood flow appear as mechanically induced changes 
in capacitance. Enhanced embodiments exploit films of PZT in capacitor structures that connect 
to silicon metal oxide semiconductor field effect transistors (MOSFETs) for signal manipulation 
[23]. A drawback of such technologies for use on the skin follows from their planar, rigid 
formats. By consequence, monitoring schemes often require straps, tapes, pins or other 
mechanical fixtures that can cause irritation and discomfort during prolonged use. 
Another device architecture that provides improved mechanics and potential for 
measurement capabilities in this context uses polypropylene ferroelectret films bonded by epoxy 
to the gate electrodes of amorphous silicon thin film transistors on flexible polyimide substrates 
[24]. This structure represents one of a variety of devices based on organic materials for the 
semiconducting [25-28] and/or piezoelectric [29]
 
components. Others exploit conductive 
elastomers [30, 31], triboelectric effects [32], and air-gap capacitors [33]
 
with and without 
integrated organic transistors, to offer simple construction and natural compatibility with the 
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skin. Systems that incorporate organic active materials, however, typically have slow response 
times, strongly temperature dependent behaviors, uncertain fatigue and lifetime properties, 
sensitivity to parasitics and/or high operating voltages. 
Here, we present inorganic materials, heterogeneous designs and theoretical models for an 
ultrathin, compact device capable of softly laminating on the skin, with capabilities and modes of 
use that lie outside of the scope of the above mentioned approaches. These systems are small (~1 
cm
2
), lightweight (2 mg), thin (25 µm), and capable of stretching (to ~30%, with system-level 
effective modulus of ~60 kPa) to conform to the skin, while providing high levels of pressure 
sensitivity (~0.005 Pa), fast response times (~0.1 ms), low hysteresis, superior operational 
stability, and excellent fatigue properties. Ultrathin (400 nm) sheets of high-quality PZT serve as 
the active components of capacitor type structures that connect to the gate electrodes of 
MOSFETs based on nanomembranes of silicon (SiNMs). Specifically, a SiNM n-channel 
MOSFET (i.e., n-MOSFET) amplifies the piezoelectric voltage response of the PZT and 
converts it to a current output via capacitance coupling. Comprehensive electromechanical 
measurements and theoretical models provide complete descriptions of the principles of 
operation, including enhanced piezoelectric responses in PZT when mounted on soft substrates. 
Applications of the technology include skin-mounted sensors for measuring arterial pulse 
pressure waves and evaluating subtle motions of the throat associated with speech. Quantitative 
correlations of data from the former class of measurement to those of conventional devices 
suggest opportunities in continuous, non-invasive monitoring of pressure transients associated 
with arterial blood flow.  
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5.2 Experiments 
5.2.1 Fabrication of SiNM MOSFETs 
The fabrication began with a silicon-on-insulator (SOI, top silicon thickness ~300 nm, p-
type, SOITEC, France) wafer, consisting of lightly p-type doped (1x10
15
/cm
3
) top silicon and a 1 
µm thick buried silicon dioxide layer, as shown in Figure 5-1a. Cleaning the SOI wafers 
involved removal of organic and ionic contaminants by sequential immersion in: (1) 1:1:5 
solution of NH4OH (ammonium hydroxide), H2O2 (hydrogen peroxide), H2O (DI water) at 80°C 
for 10 min, (2) 1:50 solution of HF (49%, hydrofluoric acid) and H2O (DI water) for 1 min, and 
(3) 1:1:6 solution of HCl (hydrochloric acid), H2O2 (hydrogen peroxide) and H2O (DI water) at 
80°C for 10 min. Thermal oxidation produced a layer of silicon dioxide on the top silicon, as a 
mask for phosphorous doping. This thermal oxide was patterned by reactive ion etching (RIE, 
Plasma Therm) with CF4/O2 through a photoresist mask. The wafer was then cleaned with 
acetone and isopropyl alcohol to remove the remaining photoresist. Another RCA cleaning 
preceded solid state diffusion doping of phosphorous (2x10
20
/cm
3
) in a 6 inch tube furnace 
(Lindberg/Tempress Model 8500 Dual-Stack Diffusion/Oxidation Furnaces) at 1000°C.  A series 
of wet etching steps using HF (49%) and piranha solution (3:1 = H2SO4 (Sulfuric acid) : H2O (DI 
water)) eliminated surface contamination. The top silicon was then patterned by RIE to form an 
array of 3 µm diameter circular openings. Immersion in HF (49%) removed the buried oxide to 
allow transfer printing of the resulting SiNM via a PDMS stamp onto a carrier wafer with a spin-
cast layer of polyimide as an adhesive, and an underlying layer of poly(methylmethacrylate) 
(PMMA 495 A2). The SiNM was then patterned by RIE to define active regions for transistors. 
The gate dielectric consisted of a sandwich structure of silicon dioxide (140 nm thick; SiO2) with 
aluminum oxide (10 nm thick; Al2O3) above and below; the Al2O3 is in contact with the Si. The 
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SiO2 and Al2O3 were deposited by plasma-enhanced chemical vapor deposition (PECVD, 
PlasmaTherm/Unaxis SLR730) and by atomic-layer deposition (ALD, Cambridge Nanotech), 
respectively. The gate dielectric was patterned by etching in BOE (6:1). Deposition of 5 nm of 
Cr and 150 nm of Au followed by wet etching of the Au (Transene Company Inc., USA) and the 
Cr (OM Group, USA) defined electrodes aligned to the silicon and gate dielectric. The entire 
device was then encapsulated with a 1.2 µm thick layer of PI to position the SiNM near the 
NMP. Etching the underlying PI with an O2 plasma (Asher (LFE)) exposed the PMMA layer to 
enable its removal in hot acetone (110°C) and to partially release the device, with PI above and 
below, from the wafer. The entire structure was then retrieved onto a piece of PDMS and pressed 
against a 20 µm thick silicone (Smooth-on, Ecoflex 0030, Platinum Cure Silicone Rubber) 
substrate. A bilayer of 4 nm of Ti and 40 nm of SiO2 deposited onto the backside of the device 
while on the PDMS enabled formation of strong bonds to the silicone. As a final step, the device, 
with bonded silicone, was transfer printed to a 200 µm thick layer of poly(vinylalcohol) (PVA, 
A-30031, Best Triumph Industrial Ltd). Integration onto the skin involved placing the sensor on 
a transparent plastic frame and physically laminating the sensor on the skin. Rinsing with water 
removed the PVA, leaving an ultrathin device in intimate, conformal contact with the skin. 
Devices mounted in this way exhibited excellent compliance and ability to follow skin motion 
without constraint or delamination. The plastic frame facilitated removal and re-application for 
repeated measurements. Separate adhesives were not needed to bond the devices to the skin. The 
adhesion strength was measured using a digital force meter (Mark-10, USA), using the following 
procedures [34]: The wrist was secured and the device substrate was connected to a force meter. 
The device was peeled away at a maximum speed of 1000 mm/min in an upward direction, 
parallel to the width of the device, at room temperature. The maximum value of the force during 
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this process defined the adhesion force. A typical device with a 20 µm thick silicone substrate 
and lateral dimensions of ~1.5 cm (length) x 1 cm (width) showed an average adhesion force of 
0.032 N. Photographs collected during mounting and peeling appear in Figure 5-2. 
 
5.2.2 Fabrication of Arrays of PZT Capacitor Structures  
The PZT (INOSTEK; thickness 500 nm) was formed by sol-gel techniques on an 
oxidized silicon wafer coated with Pt/Ti (300 nm/20 nm), following the procedures of Li et al 
[35]. A 0.4 M precursor solution consisted of zirconium n-propoxide, titanium isopropoxide and 
lead acetate trihydrate with acetic acid and propyl alcohol as the solvents. The prepared solution 
was spin-cast onto the Pt/Ti/SiO2/Si (100) substrate at 3000 rpm for 40 s. Pyrolysis and pre-
crystallization occurred at 400
o
C for 20 min. After deposition of five consecutive layers in this 
fashion, the sample was annealed at 680
o
C for 10 min. The total thickness of the PZT was ~400 
nm. The array of PZT elements consisted of square regions 557×625 µm
2
 with a spacing of 170 
µm  formed by wet chemical etching in HNO3 : BHF : H2O (Nitric acid : Buffered Hydrofluoric 
Acid : DI water = 4.51:4.55:90.95 through a hard-baked mask of photoresist (PR) (AZ4620, 
Clariant) as shown in Figure 5-1b and 5-3. The spacing facilitates access of concentrated HF for 
undercut etching of the PZT elements. The array structure provides a large sensing area. The 
hard baking process involved 80°C for 5 min, 110°C for 30 min and 80°C for 5 min. The bottom 
Pt/Ti electrode was patterned by etching in HCl : HNO3 :  H2O (Hydrochloric Acid : Nitric Acid 
: DI water) = 3:1:4 at 95°C also through a hard-baked mask of AZ4620. A layer of PI was spin 
cast on the sample at a thickness (3.6 µm) to position the PZT at the NMP. The PI was removed 
by O2 plasma (Asher (LFE)) everywhere except for regions with sizes of 650x550 µm
2
 centered 
on the PZT. These structures were protected by a photoresist mask during partial removal of the 
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underlying SiO2 with diluted hydrofluoric acid (HF) (H2O : HF (49%) = 1:3). The hard-baked 
photoresist was then removed in acetone (3 hr). The manufacturing yield was ~80%, limited 
mainly by cracking that sometimes occurred during the retrieval stage of transfer printing the 
PZT. 
 
5.2.3 Transfer Printing PZT Structures onto a Stretchable Substrate  
As illustrated in Figure 5-1b, a PDMS stamp retrieved the partially undercut PZT/PI/Pt 
structures and delivered them to a layer of silver epoxy (Ted Pella Fast Drying Silver Paint 
(160040-30)) coated on an extended gate electrode of a SiNM n-MOSFET. The PZT elements 
bond at their base regions to a uniform conductive coating Ted Pella Fast Drying Silver Paint 
(160040-30) applied to an extended gate electrode of a SiNM n-MOSFET. This arrangement 
electrically connects the bottom Pt electrodes of the PZT elements. A 3.6 µm thick layer of PI 
applied to the entire array locates the neutral mechanical plane (NMP) at the mid-plane of the 
PZT. (Figure 5-4 a,b). The choice of thickness involved balanced considerations in bendability, 
where thinner is better, and in voltage output, where thicker is better. A thickness of 400 nm 
represents a good choice. 
 
5.2.4 Investigation of propoerties of PZT and the device responses 
PZT capacitor structures with Ti/Pt (20 nm/300 nm) bottom electrodes and Cr/Pt (10 nm/200 
nm) top electrodes were poled at 100 kV/cm for 2 hr at 150°C. Afterwards, the top electrode was 
removed by etching the chromium and platinum. X-ray diffraction (XRD, Philips X'pert) was 
used to confirm the crystal structure of PZT, corresponding to two main peaks, belonging to 
(100) and (111) as seen in Figure 5-5a. A scanning electron microscope (SEM, Hitachi S4800) 
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was used to examine cross sections of the device stacks on a silicon wafer with the SiO2 
sacrificial layer and the underlying silicon substrate, as in Figure 5-5b. The hysteresis loop of the 
PZT in Figure 5-5c was obtained by using a ferroelectric tester (Radiant Technologies, Inc.). A 
semiconductor parameter analyzer (4155C, Agilent) was used to characterize the SiNM n-
MOSFETs and to perform open loop voltage measurements for the response of the pressure 
sensor. The signal to noise ratios for typical measurements are ~50 (Figure 5-6).  PDMS posts 
served as calibrated weights in the mg range, for applying well-defined levels of pressures to the 
PZT elements. A computed map of contact pressure between a representative post (1 mm thick) 
and an array of PZT elements on silicone appears in Figure 5-7.  PDMS posts with calibrated 
weights in the milligram range, formed by replica molding, were used to apply well controlled 
pressures to the devices. Each PDMS post was placed on the PZT region with a vacuum tweezers 
with bent metal probe, 1” long, 3/32” cup diameter (Ted Pella, Inc., Vacuum Pickup System, 115 
V) from a fixed distance. 
The voltage response to changes in temperature was investigated using the continuous 
heating method, with a heating rate of 1 
º
C/min. A small stage (All Electronics Corp.; 40x44 
mm
2
) was used to measure effects of temperature on the PZT active region of a device. Human 
subject demonstrations were performed under approval by the Institutional Review Board of the 
University of Illinois (IRB#13561). The informed consent was obtained from all subjects in 
human trials.  
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5.3 Results and Discussion 
5.3.1 Thin, Conformable Piezoelectric Pressure Sensor and Integrated Transistor 
The sensor (Figure 5-4a) consists of an array of square elements of PZT, collectively 
connected to the gate electrode of an adjacent SiNM n-MOSFET (inset, Figure 5-4a), all 
mounted on a thin elastomer substrate of silicone (Smooth-on, Ecoflex 0030, Platinum Cure 
Silicone Rubber), as further illustrated in Figure 5-1a. The n-MOSFET consists of heavily 
phosphorus doped regions of the SiNM for source and drain, and a lightly boron doped region 
for the channel. A cross sectional view and simplified equivalent circuit appear in Figure 5-4 b 
and c, respectively. Figure 5-4d shows a photograph of a typical integrated device, where 
serpentine conducing traces (optical micrograph shown in inset, top right of Figure 5-4d) provide 
an ability to stretch the overall system. Anisotropic conductive film (ACF, Ellsworth Adhesives) 
serves as an interface to external power supplies and measurement systems, for application of 
voltage on the gate (VGS) and drain (VDS) and evaluation of current between drain and source 
(IDS). The conductive back side of the ACF cable is isolated with a thin layer PDMS. A 
photograph of a device laminated on the wrist appears in Figure 5-4e. 
Because the overall device involves coupled operation of two component parts, their separate 
characterization represents a natural starting point for analysis of the behaviors and underlying 
physics. Application of calibrated weights (post structures made of poly(dimethylsiloxane); 
PDMS) to the PZT elements after coating their top surfaces with an electrode enables 
measurement of their responses to controlled pressures between 1 and 10 Pa, as in Figure 5-8. 
Figure 5-9a shows the voltages (VPZT) recorded for PZT devices built on a silicon wafer and on a 
silicone slab, both formed after transfer printing PZT films from their growth substrate. Multiple 
(50) measurements of the dependence of VPZT on applied pressure for a PZT sensor on silicone 
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establish the high level of repeatability in the response (Figure 5-10). It is immediately seen that 
the PZT devices on the silicone substrate offer responses that are more than two orders of 
magnitude greater than those of otherwise identical devices on silicon. Theoretical analysis 
yields a quantitative explanation. The dependence of the piezoelectric voltage on the contact 
force can be written (see Section 5.3.2) 
,PZT contactV A P      (1) 
where P is the contact pressure, Acontact is the contact area between the PZT element and the 
weight, and   is a parameter that depends on the materials constants for PZT, as well as the 
deformation mechanics of each substrate.  
 
5.3.2 The Voltage of PZT Layers Array 
The PZT formed on a silicon wafer (Young’s modulus of 168 GPa) was released and then 
transfer printed onto silicone substrate (Young’s modulus of 60 kPa) or another silicon wafer to 
form pressure sensors, according to detailed procedures described in the Methods. The PZT 
sensors were subjected to the weight of calibrated PDMS (density ~1 kg/m
3
) posts with sizes of 6 
mm×2 mm×tPDMS, where tPDMS is the thickness. Detailed layouts and related information can 
be found in Figure 5-11a,b.   
PZT is transversely isotropic with elastic, piezoelectric, and dielectric constants cij, eij, and 
kij [36],
 
respectively. Standard constitutive models give relationships between the stress ij , 
strain ij , electric field Ei and electric displacement Di as  
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The PZT sensor consists of a square array of square elements of PZT structures connected in 
parallel by sharing top (and bottom) electrodes. Voltages develop between the top and bottom 
electrodes when the PZT is under compression. 
For the voltage measurement on the hard silicon substrate, the PZT undergoes simple 
compression along the thickness direction due the weight of the PDMS post. The strains along 
other directions are approximately zero because of the constraint of the silicon substrate. 
Therefore, the constitutive model gives 
33 33 33 3
3 33 33 33 3
P c e E
D e k E


  
 
,     (4) 
where P
 
is the pressure from the PDMS post. Elimination of 33  gives 
   23 33 33 33 33 33 3D e c P k e c E    . The array of PZT structures, some fraction of which 
contacts the PDMS post, can be separately considered as regions that are and are not in contact 
with the PDMS, as 
contactA  and contactA A , 
where A is the total area of PZT structures, as 
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shown in Figure 5-11 c-g. The two regions are at the same voltage V because they share the same 
electrode. For the contacting region, the governing equation becomes 
2
33 33
33
33 33contact PZT
e eQ V
P k
A c c t
 
    
 
,
    
 (5) 
where Q  is the charge on the contacting region and PZTt  is the thickness of PZT. The total 
charge of the two regions is zero, which gives the governing equation for the non-contact part as 
2
33
33
33contact PZT
eQ V
k
A A c t
 
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  
,
   
(6) 
where the pressure on the non-contacting region is zero. Elimination of Q from Eq. (5) and (6) 
gives the voltage as 
 
33
2
33 33 33
PZT contacte t A PV
A k c e


.
     
(7) 
For PZT with the elastic constants {c11, c12, c13, c33, c44} = {101, 77.8, 158, 82.2, 25.6} GPa, 
piezoelectric constants {e13, e33, e15} = {-14.8, 10.0, 13.4} C/m
2
, and dielectric constants {k11, k33} 
= {6.00, 2.57} nC/(Vm) [36], 400 nmPZTt  ,
22 6 mmcontactA    and 
264 0.625 0.557 mmA    as 
in the experiment, the analytical result according to Eq. (7) agrees well with the FEM results 
(Figure 5-12) and experiment results (Figure 5-9a). 
 
5.3.3 Fundamental Piezoelectric Responses and Performance Data for the Amplified Pressure 
Sensor 
For the case of the wafer, deformation in the PZT involves approximately uniaxial 
compression along the thickness direction, as illustrated in Figure 5-9b obtained using the Finite 
Element Method (FEM). This circumstance corresponds to  233 33 33 33PZTe t A k c e     , where tPZT 
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is the thickness of PZT, A is the total area of PZT, including regions in direct contact with the 
weight and those not in contacts, and e33, c33 and k33 are the piezoelectric, elastic and dielectric 
constants, respectively (see Section 5.3.2 for details). FEM results confirm this relationship [37]
 
(Figure 5-12). For devices on silicone, the deformation in the PZT is complex and three-
dimensional, as shown in Figure 5-9c. Subsequently, the coefficient  is computed using FEM, 
giving a value of 0.068 V/N for the device layout (Figure 5-11a,b). For A = 6×2 mm2 as in 
experiments, Figure 5-9a shows that Eq. (1) agrees well with measurements for both the silicon 
and silicone substrates, without any parameter fitting. This good agreement holds regardless of 
the contact location of the PDMS post on the array of PZT elements (see Section 5.3.2 and 
Figure 5-11 c-g). The key finding is that the induced voltage associated with PZT on silicone is 
much larger than that on Si, due to the different modes of deformation. This is important as it 
yields approximately a hundred-fold enhancement in sensitivity simply as a consequence of 
integrating devices of this type on compliant substrate, which is, in any case, required to allow 
soft lamination on the skin. We also note that the responses of the PZT elements associated with 
the pyroelectric effect (Figure 5-13) are nearly two orders of magnitude smaller than the 
piezovoltages reported in Figure 5-9a, for ranges of both temperature (25-35 ºC) and pressure (4-
10 Pa) that are relevant for cutaneous monitoring. As a result, affects of temperature can be 
ignored in the following.    
The piezoelectric voltage response from the PZT elements is further amplified by its 
integration with the flexible SiNM n-MOSFET. Figure 5-9d reveals IDS-VGS curves of 
representative transistors (channel width and length of 200 m and 20 m, respectively)  that 
were measured in the common source configuration with a semiconductor parameter analyzer 
(HP 4155C, Agilent) for values of VGS between 0 to 5 V in steps of 0.1 V at a VDS of 0.1 V. The 
163 
 
full response corresponds to outputs measured at VDS from 0 to 5 V in steps of 0.1 V at different 
VGS (Figure 5-14). Similar measurements on devices with channel widths of 200 µm, 400 µm, 
600 µm and 800 µm appear in Figure 5-14. Extracted electron mobilities lie in the range of 350-
400 cm
2
/V.s and the on/off ratios exceed 10
5
. Unless otherwise noted, all of the results in the 
following use SiNM n-MOSFETs with 800 m channel widths.   
The nature of the coupling between the PZT elements and the n-MOSFET can be understood 
by reference to the diagram in Figure 5-4b and the simplified equivalent circuit in Figure 5-4c. 
During use of the sensor, the n-MOSFET operates in an active mode, with VGS set to 3.5 V 
through a 100 MΩ resistor and VDS set to 0.1 V. This condition yields a transconductance (gm) of 
~11 µA/V. Applying pressure to the PZT array generates a voltage due to a decrease in the 
spontaneous polarization of PZT (δP) and a concomitant change in the compensating surface 
charge (δq), as indicated in Figure 5-4b. Since the bottom electrode is shared with the gate of the 
n-MOSFET, redistribution of surface charge appears as a change in voltage on the gate (ΔVGS), 
which is amplified by the action of the n-MOSFET. The equivalent circuit (Figure 5-4c) involves 
a PZT capacitor in series with the gate oxide capacitor of the n-MOSFET. For such a series 
connection, modulation of the gate bias (ΔVGS) with applied pressure is therefore related to VPZT 
as  
  /   ,GS PZT Gox PZTV C C V     
(8) 
where PZTC  and GoxC  are the capacitances associated with the PZT and the gate oxide, 
respectively. For the devices examined here, 60.15 10PZT GoxC C    (see Section 5.3.4 for 
details).  
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5.3.4 The Capacitance 
The capacitance is given by  
A
C k
t
 ,
     
(9) 
where k is the dielectric constant, A is the area, and t is the thickness of the capacitor. For the 
PZT structures, A = 22.28 mm
2
, 400 nmt  , and k = 2.57 nC/(Vm), which gives a capacitance 
of 0.14 μFC  .    
The SiNM n-MOSFET is operated in an active mode, for which a conductive channel exists 
between the drain and the source. The capacitance approximately equals that of the gate oxide 
(bilayer structure consisting of 140 nm silicon dioxide (SiO2) with 10 nm aluminum oxide 
(Al2O3) above and below, where Al2O3 is in contact with the SiNM. For such a series connection, 
the capacitance is given as 
    
3 32 2 2
1 1 1 1
Gox Al O SiO Al OC C C C
   ,
    
(10) 
where 
32
Al OC  and 
2
SiOC  are the capacitances of the Al2O3 and SiO2 layers, respectively. Table 1 
gives the size and dielectric constants of the n-MOSFET with 800 µm channel width and the 
calculated capacitances by Eq. (10). 
Table 1. Capacitances of the n-MOSFET with 200 µm and 800 µm channel width. 
Channel width 
(µm) 
Material 
Area A 
(m
2
) 
Thickness t 
(nm) 
Dielectric Constant k 
(F/m) 
Capacitance C 
(pF) 
200 
SiO2 [38]
 4×10-9 140 3.90*8.85e-12 
0.93 
Al2O3 [38] 4×10
-9
 10 9.34*8.85e-12 
800 
SiO2 [38]
 16×10-9 140 3.90*8.85e-12 
3.72 
Al2O3 [38] 16×10
-9
 10 9.34*8.85e-12 
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The device circuit (Figure 5-4c) involves PZT capacitor in series with the gate oxide 
capacitance of the SiNM n-MOSFET. For such a series connection, the modulation of the gate 
bias (ΔVGS) induced by applied pressure is related to the compensating surface charge q . Since 
the PZT structures are connected to the gate of the SiNM n-MOSFET, redistribution of surface 
charges on the application of external pressure appears as a voltage signal to the gate (ΔVGS) that 
is amplified by the SiNM n-MOSFET. The magnitude of ΔVGS is obtained from Eq. (1) and (8) 
and the model for the device circuit in Figure 5-4c.  
 
5.3.5 The Change in Current Flow from Drain to Source 
The change in current flow from drain to source is therefore 
   DS m GSI g V   .
     
(11) 
Eqs. (1), (8) and (11) yield ΔIDS due to applied pressure as ΔIDS,pressure according to 
                                                       ,   
m PZT contact
DS pressure
Gox
g C A
I P
C

  .                                    (12) 
Measured values of ΔIDS,pressure under various applied pressures for a n-MOSFET with 200 µm 
channel width ( 11.1 μA Vmg  , see Section 5.3.6) appears in Figure 5-9e. Eq. (12) gives a linear 
relationship between ΔIDS,pressure and pressure, with a slope of 
, 1.36 μA PaDS pressureI P  . Operation at various VGS (1, 2 and 3 V) yields consistent 
results, as a consequence of the nearly constant value of gm over this range (Figure 5-9d). The 
device also exhibits low hysteresis behavior, as seen in Figure 5-15a. Repeated application and 
release of pressure using the same setup (Figure 5-8) show stable behavior over 1000 cycles 
(Figure 5-15b). Scaling studies of responses of separate sensors using SiNM n-MOSFETs with 
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different channel widths (200 µm, 400 µm, 600 µm and 800 µm), and a fixed channel length (20 
µm) indicate expected behaviors (Figure 5-16).   
 
5.3.6 Properties of the SiNM n-MOSFETs 
The IDS can be written by 
 
 
2
2
2
2
2
GS in GS in DS
DS
GS in DS DS GS in DS
k W
V V V V V Saturated State
T L
I
k W
V V V V V V V Non Saturated State
T L



  
 
       
 
(13) 
where   is the electron mobility, T , W  and L  are the thickness of channel, the transistor 
effective gate width and length, respectively, and  
2 2 2 3 2 3
1 SiO SiO Al O Al Ok x k x k   is the effective 
dielectric constant for sandwich structure of Al2O3 and SiO2 (ref. 3)
 
with volume fractions
 
2
0.875SiOx  and 2 3 0.125Al Ox  and dielectric constants 2SiOk , 2 3Al Ok  as seen in Table 1. The 
increment of DSI  due to the change of GSV  becomes 
  22
2
GS in GS GS GS in DS
DS
DS GS GS in DS
k W
V V V V V V V Saturated State
T L
I
k W
V V V V V Non Saturated State
T L



       
  
    

 
(14) 
The non-saturated part of Eq. (14), which is the working range of our devices, gives a relation 
between DSI  and GSV  as shown in Eq. (11) with the transconductance gain 
m DS
k W
g V
T L


    
(15) 
The experiment results of the n-MOSFET with 200 µm and 800 µm channel width shown in 
Figure 5-9d and 5-14g give mg  as 11.1μA V  and 33.2μA V , respectively. For 
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 = 100 nmT ,  = 20μmL , and  11 = 3.72 10k C Vm , the electron mobility   are 
 2322cm V s and  2241cm V s  for the 200 µm and 800 µm channel width, which are within 
a reasonable range. VDS is set at 0.1 V for all cases.  
 
5.3.7 Sound Response Tests via a Stereo Speaker 
An audio speaker system (iHM79, Figure 5-17) enables examination of the sensor response 
under low pressures and high frequencies. Sound decibel levels (Radio Shack, 33-2055) recorded 
at the position (~1 cm from the speaker) of the sensor define the pressures (see Section 5.3.8). 
Figure 5-9e shows a linear relationship between the sensor response and pressure, with a slope of 
~2 µA/Pa. The IDS recorded during exposure to a middle C note (1 kHz, 80 dB) appears in Figure 
5-9f. The frequency response is the same over the audio range, as shown in Figure 5-9g. The 
region highlighted by the red dashed box of Figure 5-9h (IDS measured using the sensor as a 
function of time during exposure of 1 kHz, 80 dB sound by a stereo speaker) is given in Figure 
5-9i. The response time is ~0.1 ms (Figure 5-9i), which exceeds requirements for pressure 
monitoring of blood vessels of the body. As illustrated in Figure 5-15c, the response remains the 
same under 1 kHz, 80 dB sound for 24 hr. 
  
5.3.8 Calculating Sound Pressure 
A digital sound level meter (Radio Shack, 33-2055) was used to measure the levels, in 
decibels (dB), of audible MIDI notes played by an iHM79 stereo speaker. Table 2 summarizes 
the parameters for cases that were studied. The corresponding sound pressure is calculated 
according to Eq. (16), 
20
010 (Pa)
pL
rmsp p       (16)                                                                                                     
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where 𝑝0, reference sound pressure 0 20μPa 0 dBp    and 𝐿𝑝 is the sound pressure level.          
Table 2. Summary of MIDI notes, pressure levels and sensor responses examined in the 
present work.  The sensor used a SiNM n-MOSFET with channel width of 800 µm. 
MIDI 
Note 
Frequency 
(Hz) 
Description 
The Decibel 
(dB) 
prms (Pa) ppeak (Pa) ΔIDS (µA) 
C1 32 
Lowest C on a 
standard 88-
key piano 
49.6 0.00610 0.00863 5.08×10
-3
 
C2 65 
Lowest note for 
Cello 
64.9 0.0352 0.0498 2.67×10
-2
 
C3 130 
Lowest note 
for viola, mandola 
73.7 0.0970 0.137 1.25×10
-1
 
C4 261 Middle C 80.0 0.200 0.283 2.08×10
-1
 
 
5.3.9 Stretchability Analysis 
Serpentine traces for gate, drain and source and a silicone substrate allow stretching at the 
system level, without affecting the performance of the PZT arrays or the SiNM n-MOSFET. 
Figure 5-18 illustrates the ability of the device to accommodate 30% uniaxial strain, without any 
degradation in operating characteristics. Optical images and mechanics modeling of the 
serpentine traces illustrate reversible buckling during deformation, in a way that minimizes 
strains in the materials. For stretching up to 25%, the computed maximum principal strains in the 
Au are less than the failure strains (~5% for Au, [39]). At 30%, both experiment and simulation 
indicate fracture of certain parts of the serpentine Figure 5-18f). 
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5.3.10 Bending Analysis 
Sensors with this construction can wrap easily around a finger or a pen, as in Figure 5-19a 
and b, respectively. Bending induced strains can, of course, influence the response of the sensor; 
such effects are important to understand, as they can influence the operation when mounted on 
the skin. Studies that involve mounting a sensor on cylindrical supports with different radii 
reveal the change in current flow from drain to source due to bending, ΔIDS,bending, as a function 
of tube radius (Figure 5-19c). Theory suggests that it is possible to write 
ZT
,
1
,m PZT PDS bending
Gox
g C et h
I
C k R
 
    
(17) 
where  31 13 33 33e e c c e   and 
2
33 33 33k k e c   are effective piezoelectric and dielectric 
constants, PZTt  is the thickness of PZT element, R  is the bend radius, h  is the distance from the 
neutral mechanical plane (NMP) to the mid-plane of the PZT element (see Figure 5-19d and 5-
20), where   depends on the bending stiffness ratio in the sections with and without the PZT 
elements. The coefficient in Eq. (17) is    ZT 0.0167 mA.mmm PZT P Goxg C et h C k   for 
33.2μA Vmg   and 3.72 pFGoxC  ; 0.14 μFPZTC  ;  400 nmPZTt  ; and 1.19 nmh  , 
234 C me   , 
 3.8 nC V mk   , and 327  . As shown in Figure 5-19c, Eq. (17) agrees reasonably well with 
experimental results without any parameter fitting, and both show that ,DS bendingI  is inversely 
proportional to the bend radius R (Figure 5-19c). Eq. (17) implies a means to eliminate the effect 
of bending on pressure measurement from the ΔIDS,pressure -P relation in Eq. (12). In particular, 
with an appropriate value of tPI , h can be zero (i.e., the NMP coincides with the mid-plane of the 
PZT layer) and therefore, ,DS bendingI = 0. For the material properties and thicknesses used in 
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experiments, a plot of h versus tPI (Figure 5-19d) suggests that h = 0 occurs when tPI = 3.59 µm, 
which is close to the value used in experiments (tPI = 3.6 µm). For this tPI, Figure 5-19e shows 
ΔIDS,pressure as a function of P for various outward (Out) and inward (In) bending radii. The data 
establish a linear relationship between ΔIDS,presssure and P with a coefficient of proportionality 
consistent with that in Figure 5-9f. This behavior is the same for all bend radii, ranging from 14.8 
to 50.5 mm in Figure 5-19c, that are larger than the in-plane dimensions of each PZT element 
(557×625 µm
2
, spacing of 170 µm). The conclusion is that the devices can measure pressure 
accurately on any body part with a radius of curvature larger than a few millimeters (e.g., wrist). 
For sensors that do not use an NMP design, the relationship between ΔIDS,pressure and P remains 
linear, but with different coefficients of proportionality (see Figure 5-20b). 
As shown in Figure 5-20a, the position of the neutral mechanical plane (NMP) is 
8 8
1 1 1
2 2
i
neutral i i j i i i
i j i
y E t t t E t
  
    
     
    
  
   
(18) 
where the summation is for all layers, iE  and ti are the modulus and thickness of the i
th
 layer, 
respectively. The distance from the NMP to the mid-plane of PZT is  
6
7
1 2
i neutral
i
t
h t y

  
     
 (19) 
For the structure shown in Figure 5-20a, 1 60.0 kPaE   and 1 20 μmt   for silicone, 
2 2.50 GPaE   and 2 1.2 μmt   for the PI layer, 3 279 GPaE   and 3 10 nmt   for Cr, 
4 79 GPaE   and 4 150 nmt   for Au, 5 116 GPaE   and 5 20 nmt   for Ti, 6 168 GPaE   and 
6 150 nmt   for Pt, 7 60.0 GPaE   and 7 400 nmt   for PZT, and 8 2.50 GPaE   and t8= PIt  for 
PI; these give the distance h decreasing with the increase of the top PI thickness ( PIt ) as shown 
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in Figure 5-19d. For the top PI layer thickness 3.6 μmPIt   as in the experiment, the NMP is 
very close to the middle plane of the PZT layer, with their distance only h = 1.19 nm. Without 
the top PI layer ( 0PIt  ) the distance h increases by two orders of magnitude to h = 259 nm, 
which is larger than the half thickness (200 nm) of PZT such that the NMP is out of the PZT 
layer. Figure 5-20b shows that, without the top PI layer, the linear relation between ΔIDS,pressure 
and P still holds, though the slope in Figure 5-20b is ~10% larger than that in Figure 5-19e. 
Let 
3
1 1 12spacingEI E t  and 
8
2
1 1 1
3
i i
PZT i i i j neutral j neutral i
i j j
EI E t t t y t y t
  
   
       
    
    denote 
the bending stiffness of silicone substrate without and with the PZT layers array printed on its 
top, respectively. The length and spacing of PZT layers array are denoted by PZTL  and spacingL , 
respectively. The corresponding radii of curvature RPZT and Rspacing are related by the continuity 
of bending moment as PZT PZT spacing spacingEI R EI R . The angle of rotation due to bending 
1 1
PZT PZT spacing spacingL R L R
   is related to the effective radius R by   1PZT spacingL L R .  These 
relations give 
PZTR R .
     
(20) 
where  
PZT
PZT spacing
spacing
PZT spacing
EI
L L
EI
L L




.
    
(21) 
The membrane strain in PZT is the strain at its mid-plane, and is given by 
PZT
h
R


 .
     
(22) 
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5.3.11 Effects of Bending on IDS 
For PZT subject to in-plane stretching (i.e., applied strain PZT ) along x1 direction and 
vanishing strain in the perpendicular, x2 direction (constrained by the substrate), the constitutive 
model, together with the vanishing stress in the normal (poling), x3 direction, give 
3 3PZTD e kE  , where  31 13 33 33e e c c e   and 
2
33 33 33k k e c   are effective piezoelectric and 
dielectric constants calculated by the elastic, piezoelectric and dielectric constants given in 
Section 5.3.2, respectively. The open circuit condition (D3=0), together with 3 PZT PZTE V t , give 
the voltage as 
PZT PZT PZT
e
V t
k
  .    (23) 
Eqs. (8), (11), (22) and (23) give ,DS bendingI  in Eq. (5).  
 
5.3.12 Blood Pressure Wave Measurements and Vibration Detection on the Latter 
Photographs of a sensor on the wrist appear in Figure 5-21a,b. Demonstration measurements 
involved a healthy female in her late twenties, under approval by the Institutional Review Board 
of the University of Illinois (IRB#13561). No allergic reactions, redness or damage to the skin 
were observed in any of our studies. At a gate voltage of 3.5 V, without variation in pressure, the 
value of IDS is constant over time, as shown in Figure 5-22. Changes in IDS result from variations 
in pressure associated with blood flow, as in Figure 5-21c. The blood vessel examined here 
covers an area of ~0.6x0.2 cm
2
, which affects ~20 PZT elements in the array. The region 
indicated by the dashed box of Figure 5-21c appears in Figure 5-21d. The peak labeled P1 is the 
sum of the incident (ejected) wave and reflected wave (from the hand); P2 is the peak of the 
reflected wave from the lower body minus end-diastolic pressure; P2/P1 is the radial artery 
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augmentation index (AIr); ΔTDVP is the time difference between these two peaks and represents a 
measure of arterial stiffness [40]. The measured values of AIr ~0.45 and ΔTDVP ~0.2 s are 
compatible with a person in their late twenties, as reported by Nichols via tonometry [41]. The 
device of Figure 5-21a,b can also determine small variations in the diastolic tail of the pulse 
pressure wave; such features provide additional detailed information and are undetectable with 
conventional arterial tonometry [40]. The ΔIDS,pressure for P1 corresponds ~4 Pa, with similar 
responses from sensors that use SiNM n-MOSFETs with different channel widths (400 µm, 600 
µm and 800 µm; Figure 5-23. As a further check of behavior, poling the PZT in the opposite 
direction (Figure 5-24) yields waveforms that have the same magnitudes but with forms inverted 
compared to those observed in Figure 5-21c and 5-23.  
The fast response time allows sensing of blood pressure during transient events, such as those 
associated with cuffing of the arm. The data of Figure 5-21e correspond to measurements on the 
wrist between 0 and 2 s, cuffing the arm (Manual Inflate Blood Pressure Kit, Walgreens, Model 
WC010) between 2 and 8 s and then releasing the cuff. The region indicated by the dashed box 
of Figure 5-21e appears in Figure 5-21f. P2/P1 and ΔTDVP are ~0.45 and 0.2 s, respectively, 
consistent with Figure 5-21d. Furthermore, the sensor can be placed on nearly any location on 
the body, including the neck (Figure 5-21g) and throat (Figure 5-21h), to allow measurement not 
only of blood pressure (Figure 5-21i), but also vibrations associated with speech (Figure 5-21j). 
The former shows that the peak shape of Figure 5-21i is more rounded and the magnitude of P1 is 
higher by ~75% than that in Figure 5-21c due to carotid artery blood pressure [41].  
The complete pulse pressure waveform is known to provide valuable information for 
diagnostics and therapy of cardiovascular diseases like arteriosclerosis, hypertension and left 
ventricular systolic dysfunction [41-44]. Many hemodynamic parameters such as arterial index, 
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upstroke time, stroke volume variation, and cardiac output can be directly calculated or estimated 
in real time from the pressure waveforms [45, 46]. The type of skin-mounted sensor reported 
here provides a promising path toward long-term diagnostics based on this measurement. Figure 
5-25a shows measured waveforms, normalized to the first measured response, for weekly 
measurements over the course of a month. Corresponding blood monitoring results (an average 
systolic pressure of 110 mmHg and diastolic pressure of 65 mmHg; Blood Pressure Dock BP3, 
iHealth Lab Inc.) are shown in Figure 5-26. Systolic, diastolic and pulse pressure conversion 
factors are ~0.81 mmHg/µA, ~0.50 mmHg/µA and ~9 mmHg/µA, as shown in Figure 5-25b. 
These conversion factors correspond to the observed IDS values as systolic (~135 µA), diastolic 
(~130.5 µA) and pulse pressure (~4.5 µA). The collective results in Figure 5-27 suggest that the 
sensor is robust and suitable for long term monitoring. Data on three human subjects (each in 
their early twenties) were collected with a 2 minute interval in between four consecutive 
measurements, while the subjects were in a relaxed state and the blood pressure remained 
relatively constant. A analysis summary appears in Figure 5-27d,e. Figure 5-28a-c shows 
measured waveforms, normalized to the first measured response, for weekly measurements on 
these three subjects. The repeatability in the PWV and the augmentation index (P2/P1:(AIr)) is 
consistent with insignificant variations in blood pressure over this same period (measured with a 
cuff device). 
 
5.3.13 Long term pressure wave monitoring and Determination of the Blood Pressure Wave 
Velocity (PWV) 
Simultaneous use of multiple sensors at different locations enables determination of the pulse 
wave velocity (PWV). PWV is accepted as the most simple, robust and reproducible method to 
determine the regional arterial stiffness [47]. PWV is important because it can be quantitatively 
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related to BP when calibrated using a conventional blood pressure cuff measurement device [48]. 
Calculating the PWV involves measurements at two sites with a known distance between them. 
This distance divided by the time separation associated with a given feature (e.g., P1) in the 
waveform defines the PWV. Figure 5-25c,d,e present pictures of three cases: Case I: sensors on 
the carotid artery and the lateral epicondyle vessel; Case II: on the lateral epicondyle vessel and 
the radial artery of the wrist; Case III: on the near epicondyle vessel and the radial artery of the 
wrist; respectively. PWV profiles of Case I, II and III appear in Figure 5-25f,g,h. As seen in 
Figure 5-25i,j,k, PWVCase I is ~5.4 m/s where the distance between sensors is ~43 cm and time 
difference is ~0.08 s, PWVCase II is ~5.8 m/s where the distance between sensors is ~23 cm and 
time difference is ~0.04 s, and PWVCase III  is ~6.5 m/s where the distance between sensors is ~6.5 
cm and time difference is ~0.01 s. These PWV values are comparable with the typical aortic 
PWV (~4.5 m/s) measured by tonometry in a healthy 20 years old person [49].  
 
 
5.4 Conclusion 
Results presented here demonstrate the ability to exploit enhanced piezoelectric effects in 
PZT elements on soft supports for precision, skin-mounted sensors for pressure. When coupled 
to SiNM based field effect transistors, these devices offer unique capabilities in accurate 
measurements of subtle effects of motion on the surface of the skin, ranging from blood pressure 
pulse waves in near surface arteries to vibrations on the throat associated with speech. The thin, 
conformal nature of the devices, together with their predictable responses, consistent with 
theoretical models, offer high performance operation, without measurable side effects during use 
in daily activities. The collective results suggest that these materials and the resulting sensor 
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capabilities could be valuable for a range of applications in continuous health/wellness 
monitoring and clinical medicine. Current work focuses on long-term device characterization and 
wireless communication.  
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5.6 Figures 
 
Figure 5-1. Device layouts and fabrication steps of PZT pressure sensors and printed SiNM n-
MOSFETs on a silicone substrate. Schematic illustration of fabrication steps of (a) SiNM n-
MOSFET, (b) PZT sensors.   
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Figure 5-2. Photographs of the process of mounting a device on the skin (a) and peeling it away 
(b, c). The scale bars are 1 cm. 
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Figure 5-3. Steps for fabricating arrays of PZT elements for pressure sensors. Optical 
microscope image of (a) photoresist patterning to defined regions for etching a layer of PZT, (b) 
pattern of PZT after etching, (c) photoresist patterning for etching the underlying layer of Pt, (d) 
Pt layer after selective etching, (e) photoresist patterning mask for undercuttting the SiO
2
 layer 
with diluted HF, (f) pattern after etching with HF, (g) remaining materials on the silicon wafer 
after retrieving the PZT elements with a PDMS stamp, (h) PZT elements on the PDMS stamp, (i) 
PZT elements after printing onto a layer of silver epoxy on an extended gate electrode of a SiNM 
n-MOSFET.  
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Figure 5-4. Schematic illustrations and photographs of a thin conformable piezoelectric pressure 
sensor.. (a) Illustration of the device, which includes a square array of piezoelectric thin film 
transducers based on thin films of PZT (green; 400 nm), each encapsulated above and below 
with a layer of polyimide (brown; 3.6 µm for the top layer; 1.2 µm for the bottom layer) on 
square electrode pads of Pt (orange; 300 nm), interconnected by an underlying film of Au (gold; 
150 nm), supported by a silicone substrate (blue; 20 µm). The Au layer connects to the gate 
(gold; 150 nm) of a thin, field effect transistor by a stretchable, filamentary serpentine trace. The 
source (gold; 150 nm) and drain (gold; 150 nm) terminals of the transistor, which uses a silicon 
nanomembrane (grey) for the semiconductor, serve as the external output of the sensor. G: gate, 
S: source, D: drain of field effect transistor. (b) Cross sectional schematic illustration of the 
pressure sensor and its connections to an associated transistor (also on a silicone substrate with 
20 m thickness). (c) Equivalent circuit for capacitance coupling between the pressure sensor 
and the transistor. (d) Photograph of a device wrapped on a cylindrical glass support. The red 
dashed box highlights the region that appears in a. Scale bar, 5 mm. The inset shows the 
serpentine traces and the transistor. Scale bar, 200 µm. (e) Photograph of a device laminated on a 
wrist. Scale bar, 2 cm. 
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Figure 5-5. Characterization of the PZT. (a) X-ray diffraction spectrum showing preferred 
orientation of PZT, through peaks labeled (100), (111) and (200). (b) SEM cross-sectional image 
of the materials stack, Au/Cr/PZT/Pt/Ti, on SiO
2
/Si. (c) Polarization - Voltage plot for PZT thin 
film.  
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Figure 5-6. Signal to noise ratio. (a) IDS - Time plot for the sensor while reading pressure on the 
wrist before, during and after application of pressure on the arm using a commercial pneumatic 
cuff. (b) IDS - Time plot of black dashed region of a. 
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Figure 5-7. Map of contact pressure. Calculated pressure associated with contact between a 
PDMS post (1 mm thick; in (a)) and an array of PZT elements on silicone (b). 
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Figure 5-8. Method for applying pressure to a device with a PDMS post. Photograph of a PDMS 
post on the pressure sensor, released from (left) and held by a vacuum tweezer (right). 
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Figure 5-9. Schematic illustrations, fundamental piezoelectric responses and performance data 
for the amplified pressure sensor. (a) Dependence of VPZT on applied pressure for PZT sensors on 
a silicon wafer and on a soft silicone substrate. The inset shows a microscope image of one 
square PZT element in the array that makes up the sensor. Scale bar: 500 µm. The lines 
correspond to results from calculations based on analytical modeling and FEM. FEM results 
showing the modes of deformation of the PZT elements in the array, when mounted on (b) 
silicon and (c) silicone substrates with a scale factor of 10
6
. LE, logarithmic strain. (d) IDS vs VGS 
characteristics for a SiNM n-MOSFET with 200 µm channel width, for forward and reverse bias 
sweeps (maximum IDS hysteresis ~3 µA). The inset shows a microscope image of the device. 
Scale bar: 200 µm. Experimentally measured (symbols) and analytically calculated (lines) 
current response of an integrated sensor to sound pressure, when implemented using a SiNM n-
MOSFET with (e) 200 µm channel width at various applied VGS and (f) 800 µm channel width. 
(g) Response of a sensor with a SiNM n-MOSFET with 800 µm channel width as a function of 
sound frequency. (h) IDS measured using the sensor in (g) as a function of time during exposure 
to sound generated by a stereo speaker (turned on for 2 s and off for 1 s). (i) Data corresponding 
to the red dashed rectangular region in (h).  
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Figure 5-10. Measurement repeatability. Summary of data collected from multiple (50) 
measurements of the dependence of VPZT on applied pressure for a sensor on silicone. The error 
bars correspond to the calculated standard error. 
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Figure 5-11. Sensor layout and pressure application via a PDMS post. Schematic illustration of 
(a) pressure application via a PDMS post on a PZT sensor, (b) cross sectional and top views of a 
single PZT element, (c) pressed and unpressed regions of an array of PZT elements. Effects of 
(d) pressure, (e) width and (f, g) position on the output voltage for the PZT sensor on a silicone 
substrate.   
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Figure 5-12. Comparison between analytical and FEM results. Comparison of voltage vs. 
pressure obtained by analytical modeling and FEM for PZT sensors on a Si wafer substrate. 
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Figure 5-13. Dependence of the output voltage on the applied temperature.  
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Figure 5-14. Characterization of results for SiNM n-MOSFETs. I
DS
 - V
GS
 characteristics of 
SiNM n-MOSFETs with (a) 200 µm, (c) 400 µm, (e) 600 µm, and (g) 800 µm channel widths. 
The insets show microscope images of the devices. I
DS
 - V
DS
 characteristics at constant V
G
 for 
SiNM n-MOSFETs with (b) 200 µm, (d) 400 µm, (f) 600 µm, and (h) 800 µm channel widths. 
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Figure 5-15. Cycling Tests. (a) Polarization vs. voltage for the PZT sensor after 1 and 1000 
cycles of applied pressure (10 Pa). (b) The voltage output of a PZT sensor after 1000 cycles of 
applied pressure. (c) The response of sensor with a SiNM n-MOSFET with a 800 µm channel 
width under iHM79 stereo speaker playing sound at 80 dB, 1 kHz for 24 hr.  
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Figure 5-16. Images of SiNM n-MOSFETs with various channel width. Optical microscope 
images of SiNM n-MOSFETs with (a) 200 µm, (b) 400 µm, (c) 600 µm and (d) 800 µm channel 
width. 
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Figure 5-17. Microphone test. Photograph of a sensor positioned ~1 cm away from an iHM79 
stereo speaker while applying audible tones. 
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Figure 5-18. Demonstration of stretchability in the pressure sensor. (a) Illustration of the model 
for FEM. (b-f) Optical images and corresponding FEM results for various levels of applied 
tensile strain. The color in the FEM plots represents the maximum principal strains in the metal 
layer.  
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Figure 5-19. Measured and calculated effects of bending on a sensor that uses a SiNM n-
MOSFET with 800 µm channel width. Photograph of a sensor wrapped on (a) a finger and (b) a 
pen. Scale bar, 1 cm. (c) Experimentally measured and theoretically calculated variations in 
ΔIDS,bending  with bending radius for the sensor. (d) Distance from the neutral mechanical plane to 
the mid-plane of the PZT island (h) as a function of the thickness of top layer of PI (tPI). When tPI 
= 3.59 m, h = 0 mm, and the effects of bending on the sensor response are minimal. (e) 
Variation in ΔIDS, pressure as a function of applied pressure for the sensor with different bending 
radii under different bending direction; Inward (In) and Outward (Out).  
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Figure 5-20. Illustration of the neutral mechanical plane (NMP). (a) Schematic illustration of a 
PZT sensor on a silicone substrate with the NMP indicated. (b) ΔI
DS
 – Pressure for the sensor 
without a top coating PI, for different bending radii and direction; Inward (In) and Outward 
(Out).  The device uses a SiNM n-MOSFET with 800 µm channel width.  
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Figure 5-21. Blood pressure wave measurements on the wrist and neck, and vibration detection 
on the latter. Photograph of (a; scale bar: 2 cm) the sensor placed on a wrist for measuring fast 
transients in the pressure associated with flow of blood through near-surface arteries, (b; scale 
bar: 1 cm) magnified view. (c) IDS - Time plot for a sensor mounted on the wrist. (d) IDS - Time 
plot for data in the region indicated by the dashed box in (c). (e) IDS - Time plot for the sensor 
while reading pressure on the wrist before, during and after application of pressure on the arm 
using a commercial pneumatic cuff. (f) IDS - Time plot for data in the region indicated by the 
dashed box in (e). Photograph of a sensor placed on (g; scale bar: 1 cm) neck during 
measurement of transient blood pressure waves and (h; scale bar: 2 cm) the middle of the throat 
during speaking. IDS - Time plot of the response of the sensor from (i) blood pressure from the 
neck and (j) vibrations of the throat (location in between croid cartilage and thyroid gland) 
associated with speech with recording of the subject’s overt responses (/a/) (top graph). The 
bottom graph corresponds to the black dashed rectangular region in top graph.  
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Figure 5-22. The response of SiNM n-MOSFETs without pressure. IDS - Time plots for SiNM n-
MOSFETs with (a) 200 µm, (b) 400 µm, (c) 600 µm, (d) 800 µm channel width, respectively, 
without applied pressure. 
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Figure 5-23. Blood pressure wave pulse measurement. I
DS
 - Time plots for the sensor with SiNM 
n-MOSFET with (a) 400 µm, (b) 600 µm, (c) 800 µm channel width under blood pressure effect 
on the wrist. The peak in dashed rectangular region of (a-c) for the pressure sensor with SiNM n-
MOSFET with (d) 400 µm, (e) 600 µm, (f) 800 µm channel width, respectively, under blood 
pressure pulse effect on the wrist.  
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Figure 5-24. Reverse poling effect on device response. (a) I
DS
 - Time plot for a sensor with a 
SiNM n-MOSFET that has 200 µm channel width and opposite poled PZT, responding to the 
effect of blood pressure measured on the wrist. (b) The peak in dashed rectangular region of (a). 
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Figure 5-25. Blood pressure wave monitoring over extended periods of time, with correlations to 
conventional pressure measurements, and determination of the blood pressure wave velocity 
(PWV). (a) Normalized average IDS response for ~15 single pulse measurements collected once 
per week for a month (red: 1
st
, blue: 2
nd
, green: 3
rd
, and orange: 4
th
 week). (b) Average of the 
results in (a) with systolic, diastolic, pulse and augmentation pressure levels indicated. 
Photograph of  two sensors placed on (c) the carotid artery of neck and lateral epicondyle vessel 
of the arm (Case I), (d) lateral epicondyle vessel and radial artery of the wrist (Case II), (e) near 
epicondyle vessel and radial artery (Case III). IDS - Time plot for (f) Case I, (g) Case II and (h) 
Case III, respectively. Scale bar: 3 cm. (i,j,k) IDS – Time plot of data corresponding to the green 
dashed rectangular region in (f,g,h); respectively. The time shifts of the initial peaks in the 
waveforms are indicated with dashed lines.  
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Figure 5-26. Long term blood pressure monitoring via Blood Pressure Dock BP3 iHealth Lab 
Inc. and a sensor with a SiNM n-MOSFET with 800 µm channel width. (a,c,e,g) Blood pressure 
profile and result of iHealth Lab Inc. for 1
st
, 2
nd
, 3
rd
, 4
th
 week measurement, respectively. (b,d,f,h) 
Normalized average I
DS
 peaks of the sensor with respect to 1
st
 week I
DS
 peaks over 15 s sensing 
period for 1
st
, 2
nd
, 3
rd
, 4
th
 week measurement, respectively. 
 
 
0.0 0.2 0.4 0.6 0.8 1.0 1.2
131
133
135
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0 1.2
131
133
135
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0 1.2
131
133
135
 
 
 
 
0.0 0.2 0.4 0.6 0.8 1.0 1.2
131
133
135
 
 
 
 
I D
S
(a
.u
.)
Time (s)
I D
S
(a
.u
.)
Time (s)
I D
S
(a
.u
.)
Time (s)
I D
S
(a
.u
.)
Time (s)
a b
g h
e f
c d
207 
 
 
Figure 5-27. Blood pressure wave monitoring over extended periods of time. (a,b,c) IDS - Time 
plot for sensors placed on the lateral epicondyle vessel and radial artery of the wrist for 4 
consecutive measurements collected from 3 human subjects: a, b, c. The time shifts of the initial 
peaks in the waveforms are indicated with dashed lines. Summary of results obtained in a, b, and 
c for (d) PWV, (e) the augmentation index (P2/P1).  
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Figure 5-28. Blood pressure wave monitoring over extended periods of time. (a,b,c) Normalized 
average IDS response for ~10 single pulse measurements collected once per week for 3 weeks 
(red: 1st, green: 2nd, and blue: 3rd) for 3 subjects. 
 
 
  
0.0 0.2 0.4 0.6 0.8 1.0
  
 
0.0 0.2 0.4 0.6 0.8 1.0
  
 
 
0.0 0.2 0.4 0.6 0.8 1.0
  
 
 
 
 
 
I D
S
(a
.u
.)
Time (s)
I D
S
(a
.u
.)
Time (s)
I D
S
(a
.u
.)
Time (s)
1st week
2nd week
3rd week
a b c
P1
P2
P1
P2
P1
P2
209 
 
CHAPTER 6 
 
CONFORMAL PIEZOELECTRIC SYSTEMS FOR CLINICAL AND EXPERIMENTAL 
CHARACTERIZATION OF SOFT TISSUE BIOMECHANICS  
 
6.1 Introduction 
Human skin is the largest organ of the body [1]; its epidermal and dermal layers serving 
as the external envelope for containment of all viscera, fluids and tissue constituents, as a 
protective barrier to environmental hazards, pathogens and toxins, as a sensory interface for 
transduction of physical stimuli, e.g. pressure and cold, and as a modulating membrane for 
control of water, electrolytes and other biochemical mediators [2]. Despite these essential roles, 
there is much that is unknown about the basic physical properties of skin, including details 
related to its responses to mechanical loads.  Precise measurements of the elastic modulus of skin 
under various conditions can facilitate the assessment of a variety of pathophysiologic conditions 
[3], may predict reactions to exogenous substances and environmental factors [4, 5], can help in 
gauge the effectiveness of cosmetic products
5
 and further establish mechanisms associated with 
growth, repair and aging [6-9].  Mechanical properties specifically are centrally important in the 
diagnosis and treatment of disorders [10] such as scleroderma, Ehlers-Danlos syndrome, 
psoriasis, eczema, melanoma, and other cutaneous pathologies, all of which involve changes in 
the elastic modulus of the skin [7, 11-14]. Further, the outermost layer of the skin, the stratum 
corneum (SC) [15], is critical in mechano-protection [1], somato-sensory reception [16] and 
thermal regulation [2].  Understanding the mechanical properties of the SC alone is relevant to 
the design of percutaneous penetration strategies and optimization of topical therapy to treat 
damaged skin [17]. 
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Presently, methods for in vivo measurement of the elasticity and physical durability of 
skin involve pressure-based suction [18, 19], torsion [20, 21], traction [22], nanoindentation [23] 
and ultrasound elastography [24]. Although these techniques can provide important insights into 
the mechanics of skin, the measurements typically involve large uncertainties and the associated 
tools are not amenable to wearable device architectures for continuous monitoring or to non-
invasive use on sensitive or highly curved regions of the skin.   
Here we introduce a set of materials and device designs that allow for in vivo 
measurements of viscoelasticity in the near surface regions of the epidermis through the use of 
ultrathin, stretchable networks of mechanical actuators and sensors constructed with nanoribbons 
of lead zirconate titanate (PZT).  Soft, reversible lamination onto the skin enables rapid, 
quantitative assessment of the viscoelastic moduli, with ability for spatial mapping. 
Comprehensive experimental and theoretical studies establish that these systems can provide 
accurate and reproducible measurements of both the storage and loss moduli for a variety of 
substrates and conditions. Applications in vitro with mock and ex vivo skin preparations under 
varying conditions and in vivo on human subjects, collected at various locations over all main 
regions of the body, under both normal conditions and following administration of 
pharmacological and cosmetic (moisturizing) agents, demonstrate the capabilities. Additional 
experiments on other organ systems, including differing regions of the heart and the lung suggest 
broad applicability to nearly all parts of the body, and to biomaterials more generally. 
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6.2 Experiments 
6.2.1 Fabrication of PZT Actuator and Sensor  
Fabrication of the actuator and sensor arrays began with formation of a 500 nm thick film 
of PZT (INOSTEK) by sol-gel techniques on an oxidized silicon wafer [25, 26] (Figure 6-1). The 
actuator layers included a 260x1300 μm2 bottom electrode (Pt/Ti; 300 nm/20 nm), a 200x1000 
μm2 PZT layer, and 140x940 μm2 top electrode (Au/Cr; 200 nm/ 10 nm). The sensor layers 
included a 160x660 μm2 bottom electrode (Pt/Ti; 300 nm/20 nm), 100x500 μm2 PZT layer, and 
60x460 μm2 top electrode (Au/Cr; 200 nm/ 10 nm). Photolithography with standard photoresist 
(PR, AZ5214E) defined the top Au/Cr electrode structure. The Au and Cr layers were etched 
with gold etchant (TFA, Transene Company Inc., USA) and CR-7 chrome etchant (OM Group, 
USA), respectively. Wet chemical etching with a solution of HNO3 : BHF : H2O (Nitric acid : 
Buffered Hydrofluoric Acid : DI water ratio of 4.51:4.55:90.95) through a hard baked (80 °C for 
5 min, 110°C for 30 min and 80 °C for 5 min) mask of photoresist (PR) (AZ4620, Clariant) 
defined a corresponding pattern in the PZT (Figure 6-2b). Etching with a solution of HCl : HNO3 
:  H2O (DI water) = 3:1:4 at 95 °C and a similar PR mask (Figure 6-2e) patterned the bottom 
Pt/Ti electrode structure. Another hard-baked PR mask protected the PZT during elimination of 
the underlying SiO2 layer with diluted hydrofluoric acid (H2O: 49% HF = 1:3 by volume).  
Immersion in an acetone bath at room temperature for ~3 h washed away the PR (Figure 6-1b).  
Application and removal of a piece of thermal tape (REVALPHA, Nitto Denko) retrieved the 
PZT devices from the silicon wafer (Figure 6-1c). A separate wafer coated with a 50 nm thick 
layer of poly(methyl methacrylate) (PMMA 495 A2, 3,000 rpm. for 30 sec, baked on a hotplate 
at 180 °C for 2 min) and a 1.2 µm thick layer of PI (from poly(pyromellitic dianhydride-co-4,40-
oxydianiline) amic acid solution; 4,000 rpm. for 30 sec, pre-cured on a hotplate at 150 °C for 1 
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min) served as a temporary substrate.  Heating at 250°C for 1 min partially cured the PI to 
provide a tacky surface.  Transfer (Figure 6-1d) occurred by laminating the tape with PZT 
devices onto this substrate, heating to ~150 °C (on hot plate) and then removing the tape.  
Baking at 250 °C for 1 h in a vacuum oven at 10 mT completed the curing of the PI. A uniform 
1.2 µm thick layer of PI spin cast and cured (250 °C for 1 h) on the PZT devices protected their 
top surfaces. Openings through the PI formed by reactive ion etching (March RIE) through a 
pattern of PR provided access to the metal electrode contacts (Figure 6-2i, j). Evaporation and 
photolithographic patterning of Au/Cr (200 nm/10 nm) defined metal interconnects. Another 
patterned 1.2 µm thick PI layer formed an encapsulation layer that left the PMMA layer exposed 
for removal by immersion in acetone at 100 °C (Figure 6-1e). Thermal tape again served a 
vehicle for retrieving the devices (Figure 6-1f). A layer of Ti/SiO2 (4 nm/40 nm) evaporated onto 
the exposed backside of the devices provided an adhesive layer for bonding onto a 20 µm thick 
film of silicone (Ecoflex 00-30, SMOOTH-ON; weight ratio of 1A:1B) on a substrate of 
poly(vinylalcohol) (PVA; A-30031, Best Triumph Industrial Ltd) temporarily held to a glass 
slide by a layer of polydimethylsiloxane (PDMS, Sylgard 184). Transfer from the thermal tape 
used procedures similar to those described previously (Figure 6-1g). The mounting process 
involved placing the PZT sensor and actuator arrays against the skin and then gently washing 
away the PVA with water (Figure 6-3e-f). 
 
6.2.2 Directional Modulus Mapping 
A sensor (Figure 6-4c) aligned to a protractor with a 2 cm radius (R) printed on a 
transparent film (AF4300, 3M) and mounted in a rotatable fashion (Figure 6-4) served as a tool 
for directional modulus mapping.  The CMS was rotated clockwise (C) or anti-clockwise (A) 
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with an angle increment of 15º. The distance, w, between the center of protractor and the edge of 
the first sensor in the array defines the mapping area. A 3M Tegaderm
TM
 Film laminated on the 
top surface prevented motion during measurement (Figure 6-4d-h).  
 
6.2.3 Confocal Microscopy 
Imaging through the depth of skin involved a Leica SP2 Visible Laser Confocal 
Microscope (oil immersion, numerical aperture 1.40, lateral optical resolution 240 nm) with a 
63x objective and 633 nm laser illumination.  Glass slides (170 µm thick) served as supports for 
the skin samples. Three-dimensional (3D) reconstruction used standard software tools (Amira 
Software 5.0.2). The detection bandwidth (±10 nm) and gain were fixed for all samples, to 
facilitate comparisons. Human skin has autofluorescence due to collagen structure, thus no 
fluorophore was needed. 
 
6.2.4 Poling the PZT 
Poling involved application of an electric field (~100 kV/cm) at 150 °C for 2 h [27] to 
PZT thin films between bottom and top contacts of Ti/Pt (20 nm/300 nm) and Cr/Au (10 nm/200 
nm), respectively.  
 
6.2.5 Device Operation 
A recording system consisting of a lock-in amplifier (SR830, Standard Research 
Systems, USA), a multiplexer (FixYourBoard.com, U802, USA), and a laptop computer enabled 
collection of data from the sensors and application of driving voltages to the actuators. A flexible 
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ribbon cable (HST-9805-210, Elform, USA) connected arrays of six sensors to a multiplexer, for 
sequential interrogation (Figure 6-5).  
 
6.2.6 Preparation of artificial skin samples 
Artificial skin samples consisted of a mixture of commercially available materials: 
Dragon Skin (Dragon Skin® 30, Smooth-On, Inc), Silc Pig (Silc Pig, Flesh tone silicone 
pigment, Smooth-On, Inc) and Ecoflex (Eco Flex® 30, Smooth-On, Inc).  The Dragon Skin (1:1 
weight ratio of part A and part B) was mixed with Silc Pig (3% by weight) (Figure 6-6) and then 
placed on the forearm of a male volunteer (Figure 6-6a) where it was allowed to cure under 
ambient conditions for ~1 h (Figure 6-6c-e).  Removing the material (Supplementary Figs S33f-
g) and placing it in a plastic petri dish (Figure 6-6h) with the textured side up allowed it to be 
used as a mold.  Ecoflex (1:1 weight ratio of A:B) was then mixed with Silc Pig (3% by weight), 
placed in a vacuum chamber for 0.5 h, and then poured on the top of the Dragon Skin sample 
(Figure 6-6i).  Peeling the cured material away after curing for 12 h at room temperature yielded 
samples of artificial skin (Figure 6-6j).  
 
6.2.7 Scanning electron microscopy and image preparation 
Scanning electron microscopy (HITACHI S-4800) provided images of devices mounted 
on artificial skin. The colorization process used the color burn function in Adobe Photoshop CS6 
(Figure 6-3,d and Figure 6-7), with the following RGB values for the different layers: Gold (218, 
165, 32), PZT (57, 206, 72), PI (243. 111. 39), Skin (190, 142, 122). 
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6.2.8 Nanoindentation 
Skin embedded in epoxy resin was cut in 100 nm sections using a Leica UC-6 ultra-
microtome (Wetzlar, Germany), leaving a polished surface for indentation testing. Testing 
occurred at 45% +/- 5% humidity and 20 ºC, with a TriboScope nanoindenter (Hysitron, 
Minneapolis, MN) mounted on a Multimode atomic force microscope (AFM) controlled by 
NanoScope IIIa electronics (Veeco, Santa Barbara, CA). The tip radius determined by 
examination with an SEM agreed (within 90%) with this calibrated value. A force with a 
trapezoidal time profile applied to the skin surface generated a load-displacement curve that 
allowed quantitation of elastic modulus and hardness [28]. Consecutive measurements were 
separated by 2 µm to minimize the influence of prior indentations. 
 
6.2.9 Dynamic mechanical analysis 
Dynamic mechanical analysis (Q800 DMA, TA Instruments) allowed measurement of 
quasi-static stress-strain curves of a set of substrates of polydimethylsiloxane (PDMS, Sylgard 
184, Dow Corning) formed using different conditions to yield a range of Young’s moduli (Figure 
6-8).  Each PDMS substrates had dimensions of 3.5 x 6.0 x 2.0 mm
3 
(width x length x thickness). 
The measurements used the DMA film tension clamp in ambient conditions, with a strain rate of 
10 %/min to a maximum value of 100 %. 
 
6.2.10 In vitro Biocompatibility Assessment 
Experiments involved human epithelial keratinocytes (HEK) purchased from Life 
Technologies (HEKa; Grand Island, NY, USA), cultured in T-75 tissue culture flasks with 
Medium 154 medium (Life Technologies) supplemented with Human Keratinocyte Growth 
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Supplement (Life Technologies) and 1% Pen/Strep Amphotericin B (Lonza, Allendale, NJ, 
USA). The complete culture medium was stored at 4 °C for use within 4 weeks from the time of 
preparation.  HEK cells were sub-cultivated and cultured in an incubator for all studies (37 °C, 
5% CO2, and 95% relative humidity).  Cell utilized for seeding on the sensor surface were 
passage 2-5 before seeding on sensor surface.  The biocompatibility studies involved seeding 
HEK (~20,000) onto strips of sensor devices (1 cm
2
 pieces, sterilized under UV light for 30 min 
on each side) and incubating them for 1 or 3 days as outlined above, with medium change every 
48 h. On day 1, cells were stained using an actin cytoskeleton/focal adhesion staining kit 
(Millipore, MA, USA).  Cells were fixed with 4% paraformaldehyde for 15 min, washed, then, 
permeabilzed with 0.05% Triton-X for 5 min, washed and then blocked with 1% protein standard 
(fractionated bovine serum albumin) in PBS at pH 7.4. Cells were then incubated 
with tetramethyl rhodamine isothicyanate (TRITC) conjugated Phalloidin for 1 h to selectively 
label F-actin. After rinsing, cells were then mounted in a vector shield with DAPI (Sigma-
Aldrich, St. Louis, MI, USA) and imaged using a Nikon C1Si Laser Scanning Confocal 
Fluorescence Microscope (Figure 6-9b). Scanning electron microscopy (SEM, FEI Inspec S, 
Thermo, Rockford, IL, USA) revealed the extent of adherence of cells to the sensor substrates. 
For this purpose, following 24 hrs of culture HEK were fixed in 5% Glutaraldehyde in PBS, pH 
7.4, subjected to a graded series of water and ethanol (100% fixator  3:1  1:1  1:3 100% 
Distilled water  3:1  1:1  1:3 100% Ethanol) at 5 min for each step and then critical 
point dried (Polaron model 3100, Energy Beam Sciences).  Specimens were then mounted on 
aluminum stubs, sputter-coated with gold (5-8 nm, Hummer Sputtering System, Anatech, 
Hayward, CA, USA) and imaged at voltages between 5 and 15 kV with an aperture spot size of 
3.   The viability, proliferation, and cytotoxicity of HEK were determined by a two-color 
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fluorescence LIVE/DEAD viability (Invitrogen) assay, Lactate Dehydrogenase (LDH) assay 
(Thermo, IL, USA), and MTT assay.  For the LIVE/DEAD assay, HEK grown on sensor strips 
for 1 day were prepared and stained according to standard protocols (Sigma Aldrich, St. Louis, 
MO, USA). Briefly, culture dish wells were aspirated, washed and a working solution (consisting 
of 5 mL 1x PBS, 10 µl of 2mM EthD-1, and 2.5 µl of 4 mM Calcein AM) was then added to 
cover each of the samples. Submerged samples were incubated for 30 minutes at 37 ºC.  The 
working solution was then removed, and the samples were rinsed once with 1xPBS, then 
mounted in Flouroshield and immediately imaged by fluorescence microscopy (Nikon C1Si).  
The LDH cytotoxicity assay involved mixing 50 µl medium from HEK grown for 1 and 3 days 
with a 50 µl reaction mixture (prepared according to the manufacture’s recipe) in a 96 wells plate 
and incubating for 30 min at room temperature.  A stop solution (50 µl) was then added and the 
optical absorbance was immediately measured at 490 and 680 nm. The mean percent of healthy 
cells were reported with standard errors of the mean. For the MTT assay, 100 μl of a 5 mg/mL 
solution of thiazol blue tetrazolium bromide (Alfa Aesar, Ward Hill, MA) was added to cells in a 
24-well plate. After 3.5 h of incubation at 37°C, 5% CO2, and 95% relative humidity, the well 
contents were removed and 300 μl of dimethyl sulfoxide was added to each well. The well plate 
was rocked slowly for 10 min and the contents of each well were then transferred to a 96 well 
plate where the absorbance was determined at 590 nm and 620 nm. True absorbance was 
calculated by subtracting the 590 nm reading from the one at 620 nm. As a positive control, 5% 
SDS was added to cells seeded in control tissue culture plate wells 1 h prior to removal of the 
tiazol blue terazolium bromide and the cell media from some of the wells. All readings were 
compared to cells seeded in 24 well plates on the tissue culture surface.  Results correspond to 
the percentage absorbance compared to the values of the tissue culture plates. To demonstrate 
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feasibility for external placement, temporary use, and to ensure that there was no alteration in the 
functional groups on the surfaces of the sensors after cultured with cells and submerged in cell 
media for 7 days, attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR) (Thermo Nicolet 370-FT-IR, Thermo Scientific, Waltham, MA, USA) was utilized to 
obtain the infrared transmittance before and after the sensors had been cultured with HEK. The 
spectrum was collected with 32 points (Figure 6-9e).  
 
6.2.11 Ex Vivo Modulus (Material Property) Assessment 
Freshly excised bovine hearts and lungs (n=3) were utilized for determination of regional 
material properties using the piezoconstructs.  The heart was selected as a prototypic solid organ 
as differing regions have clear material property differences based on differing histoarchitecture, 
variable thickness and perfusion.  Further the curvilinearity and complex geometry served as a 
stringent test for the efficacy of the constructs.  Constructs were laminated on the LV, RV, apex 
sites of the hearts and the surface of lung. The intimate integration between curly, soft tissue and 
conformal constructs on silicone substrate was driven by van der Waals forces alone, without 
application of adhesive layer, thereby leading to a conformal, precise, completely noninvasive 
measurement (Figure 6-5).  All animal studies were approved by the Institutional Animal Care 
and Use Committee at the University of Arizona.   
 
6.2.12 In Vivo Modulus (Material Property) Assessment  
Forty human volunteers were utilized for the described studies. Ten volunteers were (5 
female, 5 male) were recruited for studies on normal skin, with all of these free of visible skin 
lesions. Thirty patients with a range of dermatologic conditions (15 female, 15 male) including: 
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fibrous histiocytoma, lichenoid keratosis, seborrheic keratosis, actinic keratosis, squamous cell 
carcinoma, basal cell carcinoma, compound nevus, hemangioma, fibroepithelial polyp, 
superficial perivascular & interface lymphocytic dermatitis, erosive dermatitis, severly atypical 
compound melanocytic proliferation, and bullous pemphigoid were studied, as seen in Figure 6-
10-13. All subjects (normals and patients) were volunteers for this study, were informed of risks 
and benefits and provided informed consent.    
 
6.3 Results and Discussion 
6.3.1 Fabrication and Testing of PZT Skin Modulus Sensor  
Figure 6-3a, Figure 6-1,2 provide schematic diagrams and images of this type of 
conformal modulus sensor (CMS). The ultrathin architectures of the active elements together 
with the serpentine configurations of the metal traces that establish electrical connection to them 
yield low modulus, stretchable mechanics when supported by a thin elastomer (Ecoflex 00-30, 
SMOOTH-ON; weight ratio of 1A:1B, 60 kPa, 20 µm thick).  The resulting device can directly 
couple to the surface of the skin or other biological tissues by van der Waals forces alone, as 
shown in Figure 6-3b,c.  Application and removal of the device occurs non-invasively, over 
multiple cycles of use, without significant change in measurement accuracy (Figure 6-3d and 3e). 
The rectangular structures are capacitor-type components, each of which incorporates a layer of 
piezoelectric material (PZT, 500 nm thick) between bottom (Ti/Pt, 20 nm/300 nm) and top 
(Cr/Au, 10 nm/200 nm) electrodes, with an encapsulation layer of polyimide.  Such elements 
serve as both mechanical actuators and sensors. Studies with human epithelial keratinocytes 
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indicate that the devices are biocompatible and that the cell culturing process does not change 
their surface properties (Figure 6-9). 
 
6.3.2 Neutral Mechanical Plane and Bending Stiffness 
For the multilayer structure with n layers subjected to pure bending, the cross-section 
remains planar after bending in the classical beam theory.  The neutral mechanical plane, located 
by the distance neutraly  from the bottom surface of the multilayer structure (Figure 6-14) is given 
by [29]  
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For the structure in Figure 6-14, the Young’s modulus of elastomer substrate (silicone, 60 
kPa) is much smaller than those of the other layers of the device by 5 to 7 orders of magnitude.  
The elastomer layer has a negligible effect on the effective bending stiffness and the neutral 
mechanical plane of the cross section.  For the thickness given in Figure 6-14 and the plane-
strain modulus of PI ( 1 7 2.83E E GPa  ), Au ( 2 96.7E GPa ), Cr ( 3 292E GPa ), PZT (
4 42.1E GPa ), Pt ( 5 196E GPa ) and Ti ( 6 124E GPa ), the neutral mechanical plane is at 
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2.99μmneutraly  , which is located around the middle of the PZT layer.  The corresponding 
bending stiffness is 84.55 10EI   Nm.  The location of the neutral mechanical plane layout 
with respect to the PZT is important.  For the bending radius varying from 22 mm to 150 mm (22 
mm, 58 mm, 150 mm) in Figure 6-14, the corresponding strain in PZT layer is less than 0.002%, 
which is negligible as compared to the strain field induced by voltage.  The results have been 
validated by the output voltage of the sensors (Figure 6-14).  Therefore, the sensor voltages are 
almost the same when laminated on the flat and curvature surfaces. 
For the multilayer structures with n layers subjected to pure bending, the cross-section planes 
remain planar in the classical beam theory. The neutral mechanical plane, the multilayer 
structure, located by the distance neutraly from the bottom surface of the lower PI layer gives [20], 
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where  21i i iE E   represents the plane-strain modulus of the ith layer, and ih is the 
corresponding layer thickness. Then, the bending stiffness of the structure can be written as, 
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Due to the thickness given in Figure 6-8 and the plane-strain modulus of PI (
1 7 2.83 E E GPa  ), Au ( 2 96.7 E GPa ), Cr ( 3 292 E GPa ), PZT ( 4 42.1 E GPa ), Pt (
5 196 E GPa ) and Ti ( 6 124 E GPa ), the neutral mechanical plane of the structure can be 
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obtained as 2.99neutraly m , which is located around the middle of the PZT layer. The 
corresponding bending stiffness is 84.55 10EI Nm . 
 
6.3.3 Piezoelectric Analysis 
The constitutive model of piezoelectric material gives 
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where ij , ij , iE , iD  represent the stress, strain, electrical field and electrical displacement, 
respectively, and ijc , ije , ijk  are the elastic, piezoelectric and dielectric parameters of the 
material.  The subscript “3” denotes the polarization (vertical, Figure 6-14) direction of the PZT 
layer. 
When subjected to the actuator voltage AU  the electric field intensity in polarization 
direction is 3 A PZTE U h , where PZTh  is the thickness of the PZT layer.  For plane-strain 
deformation 22 12 23 0     , electric field boundary condition 1 2 0E E   and the 
223 
 
approximate traction-free condition 33 0   (by neglecting the traction from the softer substrate), 
Eq. (5) gives 
 
   
   
2
11 33 13 11 13 33 33 31 3
11
33
2
12 33 13 11 13 33 33 31 3
22
33
33 3 13 11
33
33
c c c c e c e E
c
c c c c e c e E
c
e E c
c






   



  


 



. (7) 
Under bending the strain 11  can be written as 
0
11 11z    , where the curvature   and 
membrane strain 
0
11  are determined by the requirement of vanishing membrane force and 
bending moment, i.e.,  
 11 110, 0
k k
n n n n
k kk k
k k k kh h
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The normal strain along polarization direction in the k
th
 layer can be expressed as  
 33 11k    ,  (9) 
where  1k k k      is the plane-strain Possion’s ratio of the k
th
 layer.  The expansion of the 
actuator, 1 33 33Au U e c     (Eq. (4)), is obtained by the integration of 33 , where the 
dimensionless parameter 1  depends on the material and thickness of the multilayer structure 
discussed above, and 
5
1 1.420 10    for the material and dimensions in Figure 6-14. 
 
 
 
224 
 
6.3.4 Interfacial Crack Analysis and Sensor Voltage 
As shown in Supplementary Figure 6-15c, the air-gaps form at each terminal of the PZT 
actuator/sensor after the contact of the elastomer and prepared substrate.  The actuator/sensor 
with two terminals can be modeled as an interfacial crack, and all the cracks are collinear.  The 
displacement boundary conditions are given in the main text (Eq. (3)).  As mentioned in the 
“Methods” section, the actuators and sensors consist of elastomer substrate (silicone)/bottom 
encapsulation (PI)/bottom electrodes/PZT/top electrodes/top encapsulation (PI) (Figure 6-
16).  The area of the bottom encapsulation is about 2.5 times as large as that of the top 
encapsulation.  Therefore the effective modulus of the elastomer layer is much larger than that of 
the prepared substrate, and does not appear in the analysis according to interfacial fracture 
mechanics [30]. 
The collinear interfacial cracks with the boundary conditions are solved analytically by 
approximating the stress over each actuator/sensor by its average stress.  This gives the average 
stress on the i
th
 sensor, , . . 2S i i P Sp u E a   , where the parameter i  is dimensionless, and 
2
1 1.072 10
  , 32 3.098 10
  , 33 1.114 10
  , 44 5.683 10
  , 45 3.437 10
   and 
4
6 2.300 10
   for the positions in Fig. 1f.  The output voltage of the i
th
 sensor is obtained in 
the main text as , 2 , 33S i S i PZTU p h e   , where the dimensionless parameter 2  depends on the 
material and geometry of the multilayer structure, and 
3
2 3.467 10
   for the material and 
dimensions in Figure 6-14.  For a substrate with the Young’s modulus determined by DMA, the 
output voltage of the most left sensor agrees well with the measured values from experiments 
(Figure 6-17) for the actuator voltage ranging from 2 V to 5 V with an increment of 1 V. 
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 The effect of shear stress at the device/prepared substrate interface is studied by 
comparing the experiment for the bare device (without the PDMS sample) to that for the 
substrate and PDMS sample having the same moduli.  For the former (no PDMS sample) there is 
no crack opening such that any measured sensor voltage would result from the interfacial shear.  
For the latter, the effect of interfacial shear is the same as that for the former (because the PDMS 
sample has the same moduli as the substrate), but the crack opening due to expansion of 
actuator/sensor comes into play.  In fact, its sensor voltage in experiments is much larger (by 
orders of magnitude) than that from the bare device (without PDMS sample) case.  This clearly 
shows that the effect of interfacial shear is indeed negligible as compared to that for crack to 
opening (unless there is only bare device). This is consistent with the prior analyses of stiff 
devices on compliant substrates [31-34]. 
 
6.3.5 Viscoelastic Effect 
The relaxation modulus of PDMS can be expressed via Prony series in time domain [35, 
36]  
    /0
1
1 1 i
N
t
i
i
E t E g e


 
   
 
 ,  (10) 
where 0E  represents the initial modulus, ig , i  and N are the parameters and number of terms 
in the Prony series. The limit of  E t   gives the fully relaxed modulus 0
1
1
N
i
i
E E g

 
  
 
 .  
The Laplace transform gives the frequency-dependent relaxation modulus, 
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,  (11) 
where, 1j   , and 2 f   is the angular frequency.  The real and imaginary parts of the 
above equation represent the storage and loss moduli, respectively.  The phase shift is defined by 
tan loss storageE E  . The relaxation ratio ( ig ) has been reported in the literature [37, 38], 
g1=0.137, g2=0.0921, and g3=0.315.  The relaxation time ( i ) is determined in the main text, 
which gives τ1=0.0235s, τ2=0.00165s, and τ3=0.000281s.  As shown in Figure 6-16, the PI layer 
for the bottom encapsulation (between the elastomer substrate (silicone) and the PZT 
actuators/sensors) is much larger than that for the top encapsulation.  The elastic modulus of PI is 
5 orders of magnitude larger than that of the elastomer layer.  Therefore, the bottom 
encapsulation may shield the viscoelastic effect of the device substrate on the output of the 
device. 
A CMS module consists of seven actuators (each with lateral dimensions of 200x1000 
μm2) and six sensors (each with lateral dimensions of 100x500 μm2) as shown (without the 
elastomer substrate) mounted on an artificial skin surface in Figure 6-3b,f and g. Both the 
serpentine interconnections and the sensors/actuators (Figure 6-7) conform to this textured 
surface, even without the elastomer. The bending stiffness per width (4.55×10
-8 
Nm) and the 
position of the neutral mechanical plane (near the middle of the PZT layer) can be obtained 
analytically.  For a bending radius as small as 0.3 mm, the maximum strains in the PZT and the 
polyimide are only 0.1% and 1%, respectively. Measurements indicate stable performance 
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characteristics under hundreds of cycles of bending (Figure 6-18) and uniaxial strains as high as 
30% (Figure 6-19). 
With the device conformally mounted on the skin, application of a sinusoidally varying 
voltage (angular frequency ω) to a selected actuator induces mechanical motions in the PZT and 
associated device structures including the elastomer backing and, through physical contact, the 
underlying skin. These motions mechanically couple, through the skin and the elastomer, to the 
adjacent sensor elements. Detecting the voltage response (amplitude and phase) of each sensor at 
the actuation frequency determines the extent of this coupling. By neglecting the effects of 
interfacial shear stress, an approximate theoretical model can be constructed (Figure 6-15a,b) to 
describe the response, and to relate it, explicitly, to the mechanical properties of the skin.  Here, 
as shown in Figure 6-15c, the interfaces between the PZT elements and the skin can be treated as 
interfacial cracks.  A constant voltage AU  (same as the amplitude of the sinusoidally varying 
voltage used in experiment) applied to a given element (actuator, A; Figure 6-3f) induces an 
expansion (active-A) that is 6 to 8 orders of magnitude larger than that of any other element 
(sensor, S) in the array (A/S); the latter is therefore negligible, i.e.,  
 
/ 0
active A
A S
u

  


, (12) 
where, u  is obtained analytically as  
 33
1
33
A
e
u U
c
  .  (13) 
where, c33 and e33 are the elastic and piezoelectric parameters of the PZT, respectively, and the 
dimensionless parameter 1  depends on the materials and geometries associated with the 
228 
 
multilayer structure of the device, but is approximately independent of the modulus of the 
sample under test, provided that this sample has a moduli much smaller than that of the actuator 
(e.g. six orders of magnitude difference between PZT and the skin). See Supplementary Note S2 
for details. 
The stress induced by the actuator on each of the other elements in the array can be 
characterized by its average stress (
,S ip , for the i
th
 sensor element in the array) according to  
 . .
,
2
P S
S i i
u E
p
a

 
 ,  (14) 
where . .P SE  and 2a represent storage (elastic) modulus of the skin (or, more generally, the 
substrate under test) and the width of the sensor, respectively.  The output voltage of the i
th
 
element is then obtained  
 
,
, 2
33
S i PZT
S i
p h
U
e


 ,  (15) 
where, PZTh  represents the thickness of the PZT layer, and the dimensionless parameter 2  
depends on the materials and geometries associated with the multilayer structure of the device   
Substitution of Eqs (4), (14) into Eq. (15) leads to 
 . .
,
332
PZT P S
S i i A
h E
U U
a c
   (16) 
where 1 2i i       decays exponentially with location of the i
th
 sensor element, i.e.,  
  
1
1
ii e


 
 .  (17) 
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Due to the dynamic nature of the measurement process, viscoelastic effects can be 
important. In general, the dependence of the storage (elastic) modulus on ω can be expressed as a 
Prony series, according to [39] 
  
2 2
1
. .
1
1
1
1
N
i
i i
P S N
i
i
g
E E
g
 
 







, (18) 
where E  is the fully relaxed modulus (when ω=0), and ig  and i  are the relaxation ratio and 
relaxation time in the Prony series, respectively. 
1
  
Relaxation times range from micro-seconds to seconds for the skin [40], which we 
assume to be much shorter than those for the constituent materials of the CMS. For the range of 
frequencies (100~1000 Hz) and biological samples examined here, we neglect viscoelastic 
effects in the device.  For consistency, we use this same approximation in the control studies 
described next. 
Experiments designed to examine these predicted relationships involved a set of samples 
of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) formulated to yield a range of 
Young’s moduli (Figure 6-8) relevant to skin and other soft biological tissues.  The data 
recording system consisted of a lock-in amplifier (SR830, Standard Research Systems, USA), a 
multiplexer (FixYourBoard.com, U802, USA), and a laptop computer for determining both the 
amplitude of the voltage response of each sensor in the array and its phase shift (δ) relative to the 
sinusoidal voltage applied the actuator.  Measurements at 1000 Hz show that the amplitudes of 
the sensor voltages vary linearly with the actuator voltages (Figure 6-17a) and with the Young’s 
                                                          
1
 As illustrated in the Supplementary Note S4, the PI layer between the device substrate and the PZT 
actuators/sensors may further suppress viscoelastic effects of the device. 
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modulus (separately evaluated using a dynamic mechanical analyzer; Q800 DMA at 0 Hz) of the 
sample under test (Figure 6-17b)
2
, consistent with Eq. (16). The amplitudes decay in an 
approximately exponential fashion with distance, as expected based on equation Eq. (17).  The 
amplitude for each sensor can be used with Eq. (16) to define a value of EP.S. The phase shift 
then defines the loss modulus according to Eloss =EP.S.tan(δ). Measurements at different actuation 
frequencies (100 Hz, 500 Hz and 1000 Hz) yield the frequency dependence of these two moduli 
(Figure 6-17c,d). With relaxation ratios gi in the Prony series taken from the literature [37, 38], 
the fully relaxed modulus E  and relaxation times i  (for N=3) can be determined from the 
thirty sensor data points (5 sensors on two different PDMS formulations, with fully relaxed 
moduli of 30 kPa and 1800 kPa, at three measurement frequencies) via the following relation, 
which results from equations Eq. (16) and (18) 
 
2 2
1
,
33
1
1
1
2
1
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i iPZT
S i i A N
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h E
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a c
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 
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





  (19) 
The fully relaxed moduli agree well with those measured independently by DMA at ~0 Hz.  The 
i  determined in this manner, together with the relaxation ratios gi, give the phase shifts δ, which 
agree well with the values determined from experiment (Figure 6-17e).  
For the Prony series obtained above and an actuation frequency of 1 kHz, the fully 
relaxed moduli can be obtained in the same way for nine different PDMS formulations (when 
applied to the outputs of each of the sensors; Figure 6-20).  All results agree well with those 
determined independently by DMA at ~0 Hz, as shown in Fig. 2a,b. Consistent with the previous 
                                                          
2
 This linear relation does not strictly hold for samples with extremely low moduli because here the previously 
neglected interfacial shear stresses will become important. 
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examples, the output voltages are linearly proportional to the modulus of the sample under test, 
over the entire range, from 30 kPa to 1800 kPa. Application to the rough surfaces of artificial 
skin structures formed by molding these same formulations of PDMS yielded similar results 
(Figure 6-21).  Here, as well as in cases of large scale curvature, the neutral mechanical plane 
layout with respect to the PZT is important (Figure 6-14).  
 
6.3.6 Conformal Contact 
The surface profile of the skin can be generally represented by
1
  
  
2
1 cos
2
skin
skin
h x
w x


  
   
  
, (20) 
where skinh  and skin  represent the roughness and wavelength of the skin, respectively.  Since the 
skin is much more compliant than the device, it conforms to the device, which leads to the 
normal traction on the skin surface [41]  
  
2
cos
2
skin skin
skin skin
E h x
T x
 
 
 
  
 
, (21) 
where skinE  represents the plane-strain modulus of the skin.  The deformation energy (per unit 
length) of the skin is 
    
2
0
1
8
skin
skin skin
skin
skin skin
E h
U T x w x dx
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
 
  . (22) 
The adhesion energy (per unit length) is
1
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2 2
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 , (23) 
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where g  is the work of adhesion between the skin and the device.  The total energy is obtained 
from Eqs (22) and (23) as 
 
2 2 2
2
1
8 4
skin skin skin
total
skin skin
E h h
U
 
g
 
 
   
 
. (24) 
Conformal contact of the device and skin requires the total energy less than zero, its value for 
unadhered state, i.e., 0totalU  , which gives the maximum roughness for conformal contact 
 
2
skin
1
8 4
skin
skin skin skin
h
E E
g g 
 
  
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 
. (25) 
For the skin roughness [42] hskin=5~10µm , 7skin skinh  , 130KPaskinE   and Eq. (25) clearly 
holds such that the device and skin have intimate contact, and the device remains essentially flat.  
Therefore, the sensor’s output voltage is independent of the roughness of the skin. 
 
6.3.7 Tests on soft materials and human subjects 
These findings establish the CMS as a versatile tool for characterizing the mechanical 
properties of soft materials.  The following examines use with biomaterials, with a focus on the 
storage modulus evaluated at a given frequency.  As a demonstration of utility with skin, CMS 
data obtained from ex vivo samples reveal the effects of moisturizing agents and hydration state, 
in systematic experiments that involve measurements before and at various times after 
application of solutions containing 1% AMPS (acrylamidomethylpropane sulfonic acid), 3% 
Glycerin, and 3% Urea.  Results for AMPS (supplied by L’Oreal Inc.) applied on ex-vivo 
abdominal skin samples from 35 and 66 year old females, and 33 and 69 year old males, appear 
in Figure 6-22a (Figure 6-23 for age comparison, i.e., ‘young’=33&35, ‘old’=66&69 years old 
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for this particular study, Figure 6-24 for gender comparison).  Figure 6-25 summarizes similar 
results for 3% Glycerin and 3% Urea.  (In all cases, error bars correspond to calculated standard 
error.)  Consistent with expectation and previous reports [21, 43], the modulus of the skin 
generally increases with age, and is typically higher in males (3.01 MPa and 4.72 MPa for the 33 
and 69 year old cases, respectively) than females (2.79 MPa and 4.46 MPa for 35 and 66 year 
old, cases, respectively). The magnitudes of the moduli lie between those measured using 
ultrasonic methods [44] or nanoindentation on ex-vivo abdominal skin embedded in epoxy resin 
(Figure 6-26; Table 3.) and determined in the small strain regimes with techniques based on 
tension [44, 45], torsion [9,20]
 
or suction [12, 43]. See Table 4. In all cases, however, the 
percentage variations in moduli with gender are similar, with the exception of reports using 
suction, which suggest that female skin can exhibit slightly higher modulus than male skin.  
Effects of age in both males and females are similar to those in other literature reports [46-48]. 
As skin ages, it becomes thinner, stiffer, and less flexible [49].  
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Table 3. (a) Modulus values of ex-vivo human abdominal skin using nanoindentation and 
CMS. (b) Percentage variations in moduli of ex-vivo human abdominal skin between 
genders and age using nanoindentation and CMS. 
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Table 4. Variation in modulus of between genders (human skin) measured by various 
techniques from literature. 
 
 
 
 
 
 
236 
 
6.3.8 Solutions Effects 
Moisturizing agents tend to improve and/or restore the intrinsic properties of skin by 
modifying the mechanical and tribological behaviors. The AMPS solution offers the hydrating 
effects of glycerol and the plasticizing effects of urea due to strong interactions between the skin 
and the protein components of the solution [50]. The CMS data show that the plasticizing effect 
induces a temporary (~5 min) reduction of the Young’s modulus, with a return to the initial state 
within ~2 hours, consistent with previous observations based on nanoindentation [50]. Although 
the modulus varies with position across the body, the overall trends with application of AMPS 
are similar, as summarized for measurements in vivo on skin in Figure 6-20b,c. Visible laser 
confocal microscope images (Leica SP2) highlight the structural changes induced by 
moisturizers. As shown in Figure 6-20d, application of 1% AMPS causes an increase in the 
thickness of the ex-vivo abdominal skin (young female) by ~80%, qualitatively consistent with 
related studies [51]. Skin from the old female, young male, and old male yield similar findings, 
as summarized in Figure 6-27-29. The changes in fluorescence intensity correspond to decreases 
in the density of collagen due to swelling of the skin from uptake of the moisturizing agent, as 
illustrated in the histograms of intensity.   
 
6.3.9 Clinical Trials on Patients 
Moduli measured in-vivo show similar trends with age, gender and application of 
moisturizing solutions.  Here, however, the skin has the correct balance of extracellular and 
intracellular fluid, with no insensible fluid loss, compared to ex-vivo.  As a result, in-vivo tissues 
have lower moduli than those of well-maintained ex-vivo samples. As an example of an 
important in vivo application, CMS measurements can reveal localized changes in skin properties 
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near lesions sites on a cohort of patients.  This mode of operation has value in clinical 
examination, where skin tumors are typically noted to be stiffer than healthy tissue and can 
frequently be detected through physical palpations with detectable differences in mass, stiffness 
and viscoelasticity. Such differences manifest as a result of physical and molecular mechanisms 
underlying tumor progression [3], and can be utilized as biomarkers to assess the metastatic 
potential of cancer cells [52].  Results obtained from dermatologic malignancies in 30 patient 
volunteers indicate that skin lesions in the breast and leg regions have lower moduli than in their 
healthy skin counterparts (Figure 6-30a-d); however, skin covering the nose and forehead 
regions have values higher than healthy skin counterparts (Figure 6-30e-i). Such variability may 
be due to structural changes associated with frailty or skin thickness alterations as a result of 
aging. Nevertheless, the computed modulus values and output voltages for measurements at 
different locations of the body (Figure 6-31-34) provide a framework for mapping the stiffness of 
skin. Comparisons between young and old, for female and male, appear in Figure 6-35. A 
summary of CMS performance on healthy and diseased skin is in Figure 6-10-12. Because the 
NMP lies near the middle of the PZT layers, bending induces only minor changes in device 
operation (Figure 6-13, 14). As such, curved contours of the body such as the nose, finger, and 
upper lip may be readily wrapped for measurement (Figure 6-36).  
 
6.3.10 Directional and Spatial Mapping 
The devices can also provide directional and spatial mapping of regional stiffness 
differences, via measurement modes that exploit the reversibility of the soft contact between the 
CMS and the skin. The results described here used a protractor (~2 cm radius) printed on a 
transparent film (AF4300, 3M), with a rotatable segment (Figure 6-37a).  Aligning the modulus 
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sensor to the window element and loosely connecting it with a thread enables calibrated rotations 
in the clockwise and anti-clockwise directions (Figure 6-37b). Application of an adhesive film 
(3M Tegaderm
TM
 Film) on top of the entire structure prevents movement during recording. 
Results for mapping the skin of a cancer patient (basal cell carcinoma), at the site of a lesion on 
both the forearm and the leg appear in Figure 6-38c, e and Figure 6-38d, f respectively. The data 
in Figure 6-37g, h correspond to measurements on the forearm and leg, respectively. Control 
measurements using a circular test substrate made using an PDMS substrate (~33 kPa) with high 
modulus (~1800 kPa) regions between 0º and 30 º, 90º and 120º are in Figure 6-38.  Additional 
in vivo modulus mapping results from forearm and hand are in Figure 6-39. 
 
6.3.11 Tests on Vital Organs 
The same CMS platforms can be applied to biological tissues other than the skin.  
Measurements from the apex of bovine heart, as well as the left (LV) and right (RV) ventricle, 
and lung appear in Figure 6-40a-d. Stress-strain curves via DMA recorded from tissue samples 
~2 h after explantation (Figure 6-40e) establish an estimate of the modulus values for these 
samples. Figure 6-40f compares these results to the CMS output voltages. The apex of the heart 
exhibits the highest modulus, as might be expected due to the criss-crossing and confluence of 
multiple cardiac muscle and fibrous bands in this region [53]. The differences between moduli 
measured by DMA and CMS may arise from the absence of blood supply over the time required 
to prepare samples for DMA, which can lead to a relative dehydration state, i.e. a decrease of 
both intra- and extra-cellular fluid, resulting in slightly stiffer mechanical properties.  This time 
dependence can be tracked explicitly, by use of a CMS, as in Figure 6-40g.  A commercial 
moisture meter (MoistureMeterSC Compact, Delfin Inc) establishes the change in the hydration 
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level (H.L.) of the explanted LV contained in a scintillation vial with cap opened half of a turn, 
at room temperature (native state), 1 h, and 24 h after desiccation in a 60 ºC dry incubator.  
Figure 6-40h-j provides images collected at these different points in time.  The findings suggest 
correlations between modulus, visible color and dehydration state.  
 
6.4 Conclusion 
The concepts in materials and characterization methods introduced here create 
possibilities for rapid, “on patient” measurements and spatial mapping of mechanical properties 
of the skin and other vital organs. For dermatologic investigation, the protocols of measurement 
are non-invasive and rapid, affording a high level of patient acceptance, as evidenced in this 
study by near complete enrollment of approached volunteers (i.e, 30/31, ~97%), and by specific 
comments made by enrollees on procedure comfort and acceptability. These in vivo clinical 
measurements, along with those on the various control samples and ex vivo organs yield moduli 
that lie within an accepted range, with trends in terms of body positions and responses to 
moisturizing agents that are compatible with expectation, including local intra-dermal stiffness 
changes which correlate with intra-tissue pathology that may not be readily visible to the naked 
eye.   
A key enabling characteristic is the capacity to provide soft, conformal, reversible contact 
with the curved, textured surfaces of targeted organs. Future embodiments might incorporate 
high density arrays of sensors to increase the sensitivity of focal stiffness resolution, to realize 
capabilities in rapidly accessible spatial resolution which could easily exceed those achievable by 
human touch on physical exam.  Such a development would represent a significant advance as a 
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diagnostic tool, enhancing the sensitivity of office and hospital based dermatologic screening and 
examination. Further, similar systems may be fashioned to measure mechanical property changes 
over time for clinical monitoring of a wide range of conditions, where variations are anticipated 
either due to alterations in pathophysiology over time or due to a response to therapy.  The 
ability to deploy this measurement technology for internal organs of the body through catheters, 
trochars or endoscopes represents additional areas of opportunity. 
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6.6 Figures 
Figure 6-1. Schematic illustration of procedures for fabricating a PZT CMS on a silicone 
substrate. (a) Cross sectional illustration of the edge of a single PZT nanoribbon in a capacitor 
structure on an SiO2/Si wafer. (b) Cross sectional illustration of the same region an intermediate 
state of undercut etching with dilute HF solution. (c)  Process of retrieving the PZT sensor and 
actuator arrays with a PDMS stamp, leaving them adhered to the surface of the stamp. (d) Result 
after transfer printing onto a temporary substrate. (e) Completed CMS system on temporary 
substrate, at a reduced magnifiation view. (f) Process of retrieving the system with a PDMS 
stamp. (g) Result after transfer printing onto a thin silicone substrate. 
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Figure 6-2. Optical micrographs of key structures at various stages of fabricating the CMS 
systems. Optical microscope image of (a) photoresist patterned on gold (Au) to define electrodes 
for capacitor structures, (b) pattern of Au formed by etching, (c) photoresist patterned for etching 
the underlying layer of PZT, (d) PZT layer after selective etching, (e) photoresist patterned for 
etching the underlying layer of Pt, (f) Pt layer after selective etching, (g) photoresist patterned for 
undercuttting the SiO2 layer with diluted HF, (h) structure after etching with HF, (i) photoresist 
patterned for defining contact holes through the polyimide (PI), (j) pattern after etching the PI, 
(k) PZT sensor and actuator arrays on a temporary substrate, (l) remaining materials on the 
temporary substrate after retrieving the arrays with a PDMS stamp, (m) photoresist patterned on 
Au to define serpentine interconnections to the arrays, (n) serpentine interconnections formed by 
etching the Au, (o) photoresist patterned mask for defining the PI encapsulation, (p) pattern of 
the arrays with serpentine interconnections after etching PI.   
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Figure 6-3. Thin, compliant modulus sensor (CMS) based on nanoribbons of PZT in arrays of 
mechanical actuators and sensors (A-s & S-s) (a) Exploded-view schematic illustration of the 
device, with a top view in the lower-left inset. (b) Photograph of a device on a thin silicone 
substrate. Optical microscope images of the interconnect region (upper-right inset) and the 
actuator/sensor arrays (lower-right inset). (c) Photograph of a device on a cylindrical glass 
support. (d,e) Photograph of a device partially (d) and fully (e) laminated on the skin. f, SEM 
image of a device on an artificial skin sample. (g) A magnified view of the red dashed region in 
f. 
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Figure 6-4. Photographic illustration of steps for fabricating a rotatable PZT CMS device for 
spatially mapping the modulus. Photograph of (a) PZT CMS and window template, (b) window 
template, (c) PZT CMS on the window template, (d) protractor under a Tegaderm film, (e) PZT 
CMS protractor, (f) PZT CMS on the forearm, (g,h) peeling the PZT CMS protractor.  
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Figure 6-5. PZT CMS system configured for measuring procured bovine organs. 
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Figure 6-6. Photographic illustration of the steps for preparing samples of artificial skin. (a) Bare 
skin without any treatment. (b) Mixture of dragon skin with silc pig. (c-e) Dragon skin placed on 
the forearm. (f-g) The cured dragon skin removed from the forearm. (h) A cut segment of dragon 
skin is placed in the petri dish. (i) The mixture of ecoflex with silc pig poured on the top of 
dragon skin sample. (j) Isolated segment of artificial skin. (k) SEM image of the black dashed 
region in j. 
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Figure 6-7. Colorized SEM images of a representative PZT CMS device on an artificial skin 
surface. (a) PZT sensors and actuators, where the RGB values for the various layers are as 
follows: Gold (218, 165, 32), PZT (57, 206, 72), PI (243. 111. 39), Skin (190, 142, 122). (b,c) 
Pads for connection to anisotropic conductive films. (d) Serpentine interconnections. (e) 
Magnified view of the region identified by the black dashed box in d. (f) Low magnification 
image serpentine interconnections, collected with a tilt angle of 45
0
. 
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Figure 6-8. Stress-strain responses measured by quasi-static dynamic mechanical analysis of 
various formulations of PDMS. Measurement results for different amounts of crosslinker, by 
weight (pink: 3%, green: 5%, blue: 10%) cured at 70 ºC for 60, 1000, and 10,000 minutes. 
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Figure 6-9. Human epithelial keratinocyte (HEK) biocompatibility tests for PZT CMS. (a) SEM 
images of HEK on a device after 24 hours of culture. (b) Optical micrographs showing Actin 
(red) and DAPI (blue) staining of HEK on a device following 24 hours of culture and Live 
(green)/Dead (red) staining (inset). (c) MTT assay of HEK on a device after 1 and 3 days of 
culture as a percentage of cells grown on tissue culture plate. Cells incubated with 5% SDS 
served as a positive control. (d) Cell viability on a device and on a tissue culture plate after 1 and 
3 days of culture. (e) ATR-FTIR collected on a device before and after 7 days incubation with 
cells. The spectra exhibit no significant change. 
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Figure 6-10. In vivo modulus values obtained from various body locations along with 
photographs collected during the measurement for normal (N) and lesion (L) skin (Blue:Male, 
Pink:Female). (a) Back, (b) temple, (c) back, (d) ampit, (e) shoulder. 
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Figure 6-11. In vivo modulus values obtained from various body locations along with 
photographs collected during the measurement for normal (N) and lesion (L) skin (Blue:Male, 
Pink:Female). (a) Temple, (b) hand, (c) arm, (d) abdomen, (e) breast. 
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Figure 6-12. In vivo modulus values obtained from various body locations along with 
photographs collected during the measurement for normal (N) and lesion (L) skin (Blue:Male, 
Pink:Female). (a) Cheek, (b) abdomen (under breast), (c) arm, (d) leg. 
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Figure 6-13. Systematic studies of the effects of bending on the PZT CMS measurement. (a-d) 
Top view and (e-h) cross-sectional view of devices on cylindrical substrates of PDMS with 
diameter of curvature of 22 mm, 59 mm, 150 mm, and ∞, respectively. (i). Sensor voltage and 
computed modulus values for PDMS substrate (E=1800 kPa) with various diameters. 
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Figure 6-14. Schematic cross sectional illustration of the layout of the sensors/actuators, with the 
location of the neutral mechanical plane highlighted. 
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Figure 6-15. Schematic cross sectional illustration of mechanics principles associated with 
theoretical modeling of the device physics. (a) Initial state of the sensors and actuators at the 
interface between the supporting substrate (top) and the sample under test (bottom; PDMS) (b) 
Schematic distribution of pressure induced by expansion of the leftmost actuator element. (c) 
Expansion of the actuator after applying a voltage. 
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Figure 6-16. Schematic cross sectional illustration of the multi-layer structure of the 
sensors/actuators, for the condition that the elastomer layer and prepared substrate do not 
adhered.  The plotting scale in the vertical and horizontal directions are different as shown. 
 
 
 
 
 
 
 
 
 
 
261 
 
Figure 6-17. Experimental and theoretical studies of the measurement physics. (a) The voltage 
output of sensor #1, i.e., the sensor adjacent to the active actuator, as a function of actuator 
voltage, measured on nine different PDMS substrates with known moduli, separately evaluated 
by quasi-static dynamical mechanical analysis as in S9.  Here, and in all other cases, the symbols 
and lines correspond to experimental (E) and theoretical (T) results, respectively. (b) Output 
voltage from sensor #1 as a function of modulus of the substrate under test, for four actuator 
voltages (Vact). (c,d) Output voltages for each of the different sensors in the array (i.e. sensor #1, 
#2, etc) measured during use with two different formulations of PDMS, (c) EPDMS = 1800 kPa  
(d) EPDMS = 30 kPa , at three different frequencies, all at an actuation voltage of 5 V. (e) Tan δ as 
a function of actuation frequency.  
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Figure 6-18. Characteristics of a PZT CMS under cyclical application of tensile strain. (a) 
Photograph of a PZT CMS clamped on a stretching stage. (b) Sensor voltage as a function of 
actuator voltage before (base) and after 1000 cycles of stretching to 30% tensile strain. Optical 
image of the sensor and actuator arrays under (c) 0% and (d) 30% stretching. (e) Pıcture of PZT 
CMS application on skin. (f) Sensor voltage as a function of actuator voltage before application 
onto the skin (base) and after 500 cycles of application and removal.  
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Figure 6-19. Optical micrographs of serpentine interconnections and arrays of sensors and 
actuators at various levels of tensile strain. (a) 0%, (b) 2%, (c) 5%, (d) 10%, (e)15%, (f) 30%.  
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Figure 6-20.  Data from a PZT CMS device used for in vitro characterization of PDMS test 
samples with various modulus values. Sensor voltage as a function of distance to the actuator for 
samples with moduli of (a) 33 kPa, 200 kPa, 930 kPa, respectively, (b) 67 kPa, 235 kPa, 1385 
kPa, respectively, (c) 88 kPa, 366 kPa, 1764 kPa, respectively. The experimental and theoretical 
results are shown as symbols and lines, respectitvely.   
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Figure 6-21. SEM images of a PZT CMS on flat and rough substrates with comparisons of 
measurement results. (a,b) PZT CMS on flat and rough substrate, respectively. (c) Sensor voltage 
as a function of actuator voltage for the cases of flat and rough substrates. The error bars 
represent the standard errors. 
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Figure 6-22. Modulus measurements on ex vivo female and male skin samples as a function of 
time before and after application of a moisturizing lotion. (a) Sensor voltage and CMS modulus 
values at an actuation voltage and frequency of 5 V and 1 kHz, respectively, for ex vivo female 
(pink) and male (blue) abdominal skin for both young and old cases, at different times following 
application of 1% AMPS. (b,c) Sensor voltage and CMS modulus values for in vivo female (b) 
and male (c) skin at different times following application of 1% AMPS.  The measurements at 0 
min correspond to unmodified skin (baseline), before application of AMPS. Measurements were 
performed on Young (Y) and Old (O) skin at three locations: Abdomen, Back, and Forearm. (d, 
Visible laser confocal microscope images, in angled and cross sectional views, of ex vivo young 
female abdominal skin before (left) and after (right) the application of 1% AMPS. 
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Figure 6-23. Ex vivo evaluation of the modulus values of female and male abdominal skin before 
and at various time points after the application of 3% Glycerin and 3% Urea solution. Modulus 
values for young and old (a) female and (b) male skin, before (0 min) and at various times after 
application of 3% glycerin solution. Modulus values for yound and old (c) female and (d) male 
skin, before (0 min) and at various times after application of 3% urea solution.  
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Figure 6-24. Ex vivo evaluation of the modulus values of female and male abdominal skin before 
and at various time points after the application of 1% AMPS, 3% Glycerin and 3% Urea solution. 
Modulus values for young female and male skin before (0 min) and at various times after 
application of (a) 1% AMPS, (b) 3% glycerin and (c) 3% urea solutions. Modulus values for old 
female and male skin before (0 min) and at various times after application of (d) 1% AMPS, (e) 
3% glycerin and (f) 3% urea solutions. 
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Figure 6-25. Ex vivo evaluation of the modulus values of female and male abdominal skin before 
and at various time points after the application of 1% AMPS, 3% Glycerin and 3% Urea solution. 
Photograph of a device on skin from a (a) young female, (b) old female, (c) young male and (d) 
old male. (e-h) Modulus values before (0 min) and at various time after application of 1% AMPS 
(purple), 3% glycerin (blue) and 3% urea (orange) solutions onto the corresponding skin samples 
shown in (a-d), respectively.  
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Figure 6-26. Nanoindentation measurements on ex vivo skins. The data illustrate the effects of 
application of 1% AMPS, 3% Glycerin and 3% Urea solutions on the modulus of young and old 
(a) female and (b) male abdominal skin.   
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Figure 6-27. Visible laser confocal microscope 3D images of ex vivo old female abdominal skin 
following the application of 1% AMPS (right images) and associated virgin skin (left images). 
Angled and cross-sectional views appear above and below, respectively.   
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Figure 6-28. Visible laser confocal microscope 3D images of ex vivo young male abdominal 
skin following the application of 1% AMPS (right images) and associated virgin skin (left 
images). Angled and cross-sectional views appear above and below, respectively.   
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Figure 6-29. Visible laser confocal microscope 3D images of ex vivo old male abdominal skin 
following the application of 1% AMPS (right images) and associated virgin skin (left images). 
Cross-sectional views of respective skin are presented at the bottom with associated histograms. 
Angled and cross-sectional views appear above and below, respectively.   
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Figure 6-30. CMS mapping of pathologies located on various body regions. (a,c,e,g,i,k) 
Photographs of skin in regions with lesion(s) and of skin under normal conditions: (a) breast, (c) 
leg, (e) near nose, (g) forehead, (i) near eye, (k) neck. b,d,f,h,j,l, Sensor voltage and CMS 
modulus values at an actuation voltage and frequency of 5 V and 1 kHz, respectively, for data 
collected in a (b), c (d), e (f), g (h), i (j), k (l).  
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Figure 6-31. Cartoon illustration of the location of in vivo PZT CMS measurements and 
associated pictures of devices on forehead, ear, forearm (volar surface), abdomen, back, palm, 
arm, and cheek of (a) female and (b) male body. 
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Figure 6-32. In vivo evaluation of the modulus values of female and male skin before (0 min) 
and at various time points after the application of 1% AMPS solution. Modulus values for (a) 
young female, (b) old female, (c) young male and (d) old male skin on the abdomen, cheek, 
palm, back, arm, forearm, ear and forehead.  
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Figure 6-33. In vivo evaluation of the modulus values of female and male skin before (0 min) 
and at various time points after the application of 3% Glycerin solution. Modulus values for (a) 
young female, (b) old female, (c) young male and (d) old male skin on the abdomen, cheek, 
palm, back, arm, forearm, ear and forehead.  
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Figure 6-34. In vivo evaluation of the modulus values of female and male skin before (0 min) 
and at various time points after the application of 3% Urea solution. Modulus values for (a) 
young female, (b) old female, (c) young male and (d) old male skin on the abdomen, cheek, 
palm, back, arm, forearm, ear and forehead.  
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Figure 6-35. In vivo evaluation of the modulus values of female and male skin before (0 min) 
and at various time points after the application of 3% AMPS solution. Modulus values for (a) 
young and (b) old skin.  Three skin locations for female and male cases are shown: F. vs. M. 
Abdomen (Female vs. Male Abdomen), F. vs. M. Back (Female vs. Male Back), F. vs. M. 
Forearm (Female vs. Male Forearm). 
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Figure 6-36. Mapping of modulus values near and at the locations of basal cell carcinoma on the 
forehad and hand. Photograph of (a) nose, (b) finger and (c) lips without PZT CMS. Photograph 
of (d) nose, (e) finger and (f) lips with PZT CMS. (g-i) Modulus values extracted from the 
regions illustrated in the corresponding frames.  
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Figure 6-37. Spatial mapping with a rotatable CMS system and in vivo evaluations on a cancer 
patient (basal cell carcinoma). (a) Exploded-view schematic illustration of a system. (b) 
Representative diagram of a device and its operation. (c,e) Photograph of a forearm without (c) 
and with (e) a mounted device. (d,f) Photograph of a lower leg without (d) and with (f) a 
mounted device. (g,h) Data from experiments illustrated of b (g) and d (h).  
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Figure 6-38. Modulus values recorded with a rotatable PZT CMS system on a test sample of 
silicon rubber with high modulus regions between 0º and 30º, 90º and 120º. 
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Figure 6-39. Spatial map of modulus values collected from a region of the forearm that exhibits 
basal cell carcinoma. Photograph of the forearm (a) without and (b) with the rotatable PZT CMS 
device. (c) Map of modulus data recorded using the setup illustrated in b. Photograph of a hand 
(d) without and (e) with the rotatable PZT CMS device. (f) Map of modulus data recorded using 
the setup illustrated in e. 
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Figure 6-40. Ex vivo CMS measurements on bovine organs. a,b,c,d Photograph of a device 
placed on: (a) heart apex, (b) left ventricle (LV), (c) right ventricle (RV), (d) lung, e, stress – 
strain curves (purple: apex, green: LV, pink: RV, blue: lung) on tissue samples. f, Modulus 
values extracted from the data in e and from CMS measurements (actuation voltage and 
frequency of 5 V and 1 kHz, respectively), as a function of sensor voltage.  g, The variation in 
modulus of a piece of explanted LV as a function of time. h,i,j,  Photograph of a device placed 
on a piece of explanted LV kept at room temperature for 0 h (h), 60 ºC for 1 h (i), and 60 ºC for 
24 h (j). 
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CHAPTER 7 
OUTLOOK 
 
The primary focuses of this dissertation are applications of ferroelectric/piezoelectric 
materials and patterning techniques for unusual electronics with an emphasis on bio-integrated 
systems, such as bio-sensors, actuators, transducers, and mechanical energy harvesters in 
flexible/stretchable forms.  
The development of unusual ferroelectric/piezoelectric devices starts from the construction of 
PZT nanoribbons in wavy format on elastomeric substrates as shown in chapter 1. This chapter 
describes the fabrication of PZT nanoribbons in wavy forms on elastomeric substrates. The PZT 
nanoribbons integrated in wavy formats exhibit ferroelectricity and piezoelectricity comparable 
to related flat films on rigid silicon substrates. Theoretical analysis reveals the physics of these 
structures and provides certain predictions related to amplification effects in the displacement 
response and the ability to tune the structures with applied voltages. These results provide a 
foundation for future device related to the work in this area. 
Energy harvester based on ZnO is an example of flexible piezoelectric material applications 
that can dissolve completely in water or biofluids as demonstrated in chapter 2. This chapter 
reveals the kinetics of dissolution as well as the materials and design choice to control the 
dissolution rate. The use of piezoelectric ZnO alone, or in heterogeneous configurations with 
silicon on biodegradable substrate, open up additional application possibilities for transient 
technologies, in areas ranging from biomedicine, to environmental monitor and certain areas of 
consumer electronics.  
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Chapter 3 illustrates the architecture and fabrication of P(VDF-TrFe) nanofibers, a polymer 
piezoelectric that has capability to be bent or twisted without fracture. The fabrication techniques 
of flexible, free-standing sheets of aligned P(VDF-TrFe) nanofibers, involve electrospinning 
onto a fast rotating collector. The process yields alignment at both the level of the fibers and the 
polymers, thereby enabling excellent response and high piezoactive -fraction without further 
processing (for example, electrical poling) for simple pressure sensor and accelerometers 
applications.  
PZT MEH described in chapter 4 is a type of energy harvesting based on piezoelectric 
material which can yield significant amounts of electrical power from motions of internal organs, 
up to and exceeding levels relevant for practical use in implants. Under the rhythmic contraction 
of the heart muscle, the device bends and relaxes, enabling to supply enough trickle charge – a 
steady stream of charging current at low rate – to satisfy the needs of a pacemaker. Thus, this 
technology could extend the battery life of implanted medical devices or even eliminate the need 
of battery replacement that altogether would spare patients from repeated operations and the risk 
of surgical complications. This technology also has the potential to power the health 
monitors/sensors worn on the skin and commercial electronic devices.   
Enhanced piezoelectric effects in PZT elements on soft supports for precision, skin-mounted 
sensors for pressure are demonstrated in chapter 5. When coupled to SiNM based field effect 
transistors, these devices offer unique capabilities in accurate measurements of subtle effects of 
motion on the surface of the skin, ranging from blood pressure pulse waves in near surface 
arteries to vibrations on the throat associated with speech. The study suggests that these materials 
and the resulting sensor capabilities could be valuable for a range of applications in continuous 
health/wellness monitoring and clinical medicine.   
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Chapter 6 discusses a skin-mounted stretchable PZT skin modulus sensor that contains an array of 
PZT actuators and sensors transfer printed on silicone substrate. The goal of this chapter is to 
measure the near-surface modulus value of the skin/tissue. In this study, the in vivo measurements of 
viscoelasticity in the stratium corneum and sub-epidermal layers are found at scales that are 2 to 3 
orders of magnitude more sensitive and localized than conventional techniques allow. To conduct 
these measurements, we developed ultrathin, stretchable sheets of mechanical springs developed 
using arrays of flexible PZT nanoribbons. Laminating these thin film sensor sheets on skin and 
applying both bidirectional shear and orthogonal forces provide a non-invasive approach to 
measuring the complex Young’s modulus of skin at various locations, under normal conditions and 
upon administration of pharmacological and moisturizing agents, and in a way that is mechanically 
invisible the subject.   
For future direction, it is beneficial to study biocompatibility of the devices for long-term 
applications. Moreover, device characterization with an additional feature of wireless communication 
of these devices is significantly important for long-term applications.  
 
 
 
 
 
 
 
 
